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Abstract 

Functionalized mesoporous carbon catalysts can be used in the acid catalyzed dehydration of 

fructose to 5-hydroxymethyl furfural (HMF). However, strong deactivation can be observed after 

preconditioning of the material in the reaction solvent 2-butanol. Surface changes caused by the 

pretreatment have been studied by XPS. The comparison of the pristine sample and the pretreated 

carbon sample showed similar distribution of oxygen functional groups by ex-situ XPS, as well 

as similar behavior during heating in vacuum. However, the addition of water (0.1 mbar vapor 

pressure) and subsequent heating to 130°C exhibited prominent differences in the evolution of 

the O1s, as well as for the C1s spectra of the two samples. Changes in the surface termination and 

hydrophobicity of the materials are discussed under the aspect of possible reactions of surface 

functional groups with the alcoholic solvent and water. 
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1. Introduction 

Mesoporous carbon materials from resorcinol-formaldehyde aerogels have attracted enormous 

attention due to their advantageous properties and multiple potential applications, ranging from 

electrode materials in supercapacitors and fuel cells, over filters, down to catalytic supports or 

catalysts [1-4]. Several studies on material texture and pore structure are reported [5, 6]. 

However, the detailed chemical surface structure is still under investigation. Surface analytical 

methods, such as X-ray photoelectron spectroscopy (XPS), have been used to quantify the total 

surface oxygen content of the mesoporous carbon [6]. However, the identification of the nature 

and the abundance of specific oxygen functional groups are still not understood. Based on the 

structural elements of the monomers and the polymerization mechanism suggested by Pekala [7], 

there is a general agreement on the functional groups of the aerogel [7-8]. Isotope exchange 

experiments combined with 13C-NMR confirmed the abundance of methylene bridges and ether 

bridges in the polymer [8]. The elucidation of the surface functional groups of the carbonized 

material was the intention of the present study. The focus was on an improved understanding of 

changes of surface functional groups by contact to aqueous reaction media as used in multiple 

applications.  

We applied oxidized mesoporous carbon materials as catalysts in the dehydration of fructose to 

5-hydroxymethyl furfural (HMF). The carbon-based catalyst showed significant deactivation 

from exposure to the solvent 2-butanol. The better understanding of this deactivation procedure is 

necessary for the development of stable heterogeneous catalysts. For this reason, we investigated 

dynamic changes in electronic surface structures and in the distribution of oxygen functional 

groups by in-situ XPS, i. e. under vapor exposure and heat treatments to reaction temperature of 

typically dehydration reactions of fructose (130°C). The vapor pressure of 0.1 mbar was applied 

in order to study the reactivity of the functionalized carbon surface towards water. Furthermore, 



the addition of vapor simulates the water evolution of 3 H2O molecules per synthesized HMF 

molecule during the dehydration reaction of fructose. 

 

2. Experimental 

2.1 Material synthesis and preliminary characterization 

For the synthesis of MC_0, 5.5 g of resorcinol and 5.0 g of formaldehyde solution (37 wt%) 

undergo an acid catalyzed polymerization in 50 ml of a water-ethanol-mixture (1:1 by weight). 

The obtained polymer is carbonized in N2 atmosphere at 350°C and 600°C for 2h, respectively. 

The detailed procedure of OMC synthesis is described elsewhere [4]. After the carbonization, the 

mesoporous carbon is oxidized by H2O2 in a mixture of methanol and 2 M HCl (1:1, V:V) to 

obtain MC_1. The preconditioned material MC_2 was synthesized of MC_1 by stirring in  

2-butanol at 130°C for 15h. For the 2-butanol treatment a 200-ml Parr autoclave (Series 4560) 

was used.  

All materials are mesoporous carbons (Table 1). The BET surface areas were determined by 

measuring the adsorption-desorption-isotherms with a Quantachrome Autosorb automatic BET-

sorptometer at -196°C with nitrogen as analysis gas. For data evaluation the Quantachrome 

software Autosorb1 (version 1.54) was used. A full list of BET isotherms and plots for the BJH 

pore size distribution can be found in the supplementary information. The number of acid 

functional groups was determined by titration using an automatic titrator (Mettler Toledo). For 

each measurement, 100 mg catalyst were dispersed in 10-3 mol KCl-solution and stirred over 

night. Following the carbon dispersion was titrated under Ar atmosphere, using a 0.1 M NaOH 

solution. TG-MS was performed in a thermo-microbalance by Netzsch (STA 449 C). Mass loss 

and ion currents of released gases were recorded while heating 30 mg MC_1 at 5 K/min  

in Ar (70 ml/min).  



Table 1: Summary of material basis including BET areas and titration results  

Sample Material description BET [m²/g] Acid sites [mmol/g] 
MC_0 ordered mesoporous carbon 789 n. d.b 

MC_1 
mesoporous carbon, functionalized 
by H2O2 at pH = 1 

596 0.24a 

MC_2 
mesoporous carbon, MC_1 after 
preconditioning in 2-butanol at 
130°C for 15 h 

604 n. d.b 

 

a density of acid sites determined by titration of the material (100 mg in 50 ml KCl 0.001 M) with 
0.01 M NaOH. 

b n. d. – not determined 

 

2.2 Instrumental 

In-Situ XPS experiments were performed at the synchrotron radiation source BESSY II of the 

Helmholtz Zentrum Berlin (HZB). The in-situ chamber was designed by the Fritz Haber Institute 

of the Max Planck Society  [10-13]. A schematic sketch of the set up is depicted in Figure 1. The 

high-pressure reaction cell is separated from the X-ray source by an X-ray transparent window. 

The emitted electrons attain the hemispherical electron analyzer through three differentially 

pumped apertures.  



 
Figure 1: Schematic drawing of the high pressure XPS system at BESSY II [10-13]. 

 

During in-situ XPS analysis of MC_1 and MC_2, the samples were heated stepwise to 130°C in 

vacuum and subsequently exposed to water at 0.1 mbar. In a second experiment, the samples 

were heated from RT to 130°C in water atmosphere (0.1 mbar). Spectra of the C1s and O1s 

regions as well as their respective Fermi edges were recorded with an electron kinetic energy of 

~150eV. Furthermore, chlorine impurities were detected. Hence, the Cl2p region was recorded 

additionally. The detailed comparison of the materials concerning there chlorine impurity level 

can be found in the supporting information. 

All spectra are normalized to the background on the high binding energy side for better 

comparison of the peak shape of the main component. The spectra were fitted with a set of peaks 

derived from a differential spectra survey of a large number of functionalized and 

unfunctionalized carbon samples.2 
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3. Results and Discussion 

3.1 Differences in original carbon samples 

In order to investigate changes in the electronic surface structure and oxygen functional groups 

after the pretreatment in 2-butanol, we have chosen two representative samples for insitu XPS 

experiments. The first mesoporous carbon sample was functionalized in hydrogen peroxide at  

pH 1 and corresponds to an active catalyst in the dehydration of fructose into HMF (MC_1). 

Secondly, a sample MC_2 was obtained by a pretreatment of MC_1 in reaction solvent at 

reaction temperature, i. e. in 2-butanol at 130°C. In addition, a reference sample MC_0 was 

examined.  

In a first step the samples MC_1 and MC_2 were investigated ex-situ and compared to the 

reference sample MC_0 that represents the mesoporous carbon before any oxidation treatment. 

According to Blume3, the O1s spectra were fitted by 6 different components of the peak positions 

530.5 eV, 531.2 eV, 531.9 eV, 532.7 eV, 533.5 eV and 534.2 eV (Table 2). An additional feature 

for the measurements under water vapor was detected at 535 eV and corresponds to the water gas 

phase peak [14].  

The assignments of specific features in the O1s peak are intensively and partially controversially 

debated in the literature (Table 2). It is generally agreed to the discrimination of minimum two 

different oxygen species, the double bonded oxygen at lower binding energies (~531 eV) and the 

single bonded oxygen at higher binding energies (~533 eV) [15]. Additionally, a third species at 

higher binding energies is commonly considered in the fit, assigned to adsorbed water or oxygen 

[14, 16-20]. Clark et al. performed more detailed studies in the systematic comparison of well 

defined polymers and suggested the discrimination of four different oxygen species: double-

bonded oxygen in esters, carbonates and acids (~532.8–532.9 eV), oxygen in ketons, ethers and 
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alcohols (~533.6–533.7 eV), single-bonded oxygen in acids and esters (~534.3 eV) and single-

bonded oxygen in carbonates (~535.0–535.2 eV) [21-22]. The high resolution of modern XPS 

instruments, the use of synchrotron radiation sources, and the consideration of the thermostability 

of different oxygen functional groups lead to verification of the Clark model [23-25] and further 

differentiation of the O1s peak [26-29]. 

 

Table 2: O1s peak assignment according to the literature 

No. 
Peak position 

[eV] 
Oxygen functional group Supporting References

I 530.5 C=O in quinones 
[14, 16-20, 25, 26] 

II 531.2 C=O in ketones, aldehydes 

III 531.9 
C-O-C in aromates (furan), or keto-enol 

tautomers 

[14, 16-20] 

 

IV 532.7 
OH in phenol or aliphatic alcohols [26] 

chemisorbed H2O  

V 533.5 C-O-C in ethers, esters, anhydride [26, 28]

VI 534.2 
C-OH in carboxylic acid [17, 20, 26, 27, 33] 

chemisorbed H2O 
[14, 16-20] 

[28] 

VII 535 gas phase H2O [14] 

 

For the present work we also tried to involve considerations on structural elements that are 

predetermined by the synthesis procedure. Based on the polymeric precursor of the mesoporous 

carbon a broad variety of oxygen functional groups is possible for the carbon samples. Most 

likely the material still contains phenolic and aliphatic OH-groups, as well as ether groups after 

the carbonization procedure. Due to possible condensation reactions at the applied temperatures 

(600°C for 2 h during carbonization), lactones, furans or quinones are further possible structural 



elements. During the oxidation in hydrogen peroxide an increase in carbonyl and carboxyl groups 

is expected, as well as further hydroxyl functional groups through the oxidation of double bonds. 

Comprising the knowledge of the building blocks, the synthesis procedure and experiences 

reported in the literature [29-31], a schematic carbon structure can be proposed for the materials 

(Figure 2). In the following, this structural idea will be compared to the result of the XPS 

experiments. 

 

 

Figure 2: Scheme of possible carbon structure for the samples investigated in consideration of the 

structural elements of the polymeric precursor and ideas reported in the literature [29-31]. In 

blue: functional groups that can interact with water molecules under the formation of hydrogen 

bonds or in hydrolysis reactions. 

 

Ex-situ measurements of MC1 and MC_2 show O1s spectra of similar line shape for both 

samples (Figure 3). There is only a small difference in the total oxygen content of about 1%. The 

small intensity difference is equally distributed between the species II-V. However, the 



component VI at 534.2 eV, which can be assigned to carboxylic acid functional groups [25, 26] 

or chemisorbed water [14, 16-20] according to the literature, is abundant in slightly higher 

proportion in sample MC_1 in comparison to the sample MC_2 after the butanol treatment. 

Either assignment could support the idea of possible surface changes of MC_1 during the 

treatment in alcoholic solvents. In the case of the assignment to carboxylic acid functional 

groups, the lower content for MC_2 could be explained by possible esterification reactions in the 

alcoholic solvent. If assigned to adsorbed water, the higher content of the species at 534.2 eV 

points to a higher hydrophilicity for MC_1 which can be seen as indirect evidence for surface 

modifications by 2-butanol in the case of MC_2. 

 

Figure 3: O1s fits of MC_0, MC_1 and MC_2 of ex-situ XPS measurements. 



The total oxygen content of the reference sample MC_0 is approximately half the oxygen content 

of MC_1 and MC_2. In contrast to the oxidized samples, the O1s spectrum of MC_0 differs in 

line shape due to the lower influence of features at lower binding energies. After the oxidation, 

the carbonyl species at 531.2 eV contributes stronger to the overall line shape for the samples 

MC_1 and MC_2.  

Similar to the O1s spectra, the C1s peaks (Figure 4) were fitted by a set of fitting parameters 

derived from a differential spectra survey of a large number of functionalized and 

unfunctionalized carbon samples4. Within the C1s peak, eight features at the positions 284.4 eV, 

284.7 eV, 285.2 eV, 285.9 eV, 286.6 eV, 287.9 eV, 288.5 eV and 289.1 eV were discriminated 

(Table 3). However, due to the dominant influence of the asymmetry of the sp² carbon peak (Imax 

= 284.4 eV) up to high binding energies, the quantification of the oxygen species in the C1s is 

rather difficult. Small errors in the subtraction of the graphitic peak can lead to large errors in the 

evaluation of the functional groups, in particular due to their minor contribution [32].  
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Figure 4: C1s fits of MC_0, MC_1 and MC_2 of ex-situ XPS measurements. 

Table 3: C1s peak assignment according to literature 

No. 
Peak position 

[eV] 
Carbon functional group Supporting References 

I 284.4 C=C, sp² carbon [17, 20, 26, 27, 33] 

II 284.7 C-C, sp³ carbon [17, 20, 26, 27, 33] 

III 285.2 
aliphatic C-H, C-O in 

alcohols, phenols, ethers 
[17, 20, 26, 27, 33] 

IV 285.9 
C=C-O in keto-enolic 

equilibria or furans [13, 15] 
[14, 23] 

V 286.6 C=O [14, 23] 

VI 287.9 
COOH, COOR in carboxylic 

acids or esters 
[17, 20, 26, 27, 33] 

VII 288.5 carbonate [17], [34] 

VIII 289.1 π-π* satellite [34] 



 

Comparing the fits of the C1s spectra for the three samples (Peak I, Figure 4) a clear difference in 

the proportion of graphitic carbon (= sp2-carbon) to amorphous carbon and/or unsaturated bonds  

(= sp3-carbon) can be found. The higher percentage of graphitic surface carbon for MC_2 can be 

explained by partial removal of amorphous carbon species during the pretreatment in  

2-butanol, since functionalized unstructured carbon is easier to be dispersed in the alcoholic 

solvent. As consequence of the possible esterification of carboxylic acid functional groups, the 

abundance of structure determining hydrogen bonds decreases. Hence, the predominant influence 

of π-π-stacking interactions can result in more densely packed regimes of graphitic carbon. For 

further structural insights, complementary HR-TEM investigations are required.   

The peaks III-VII correspond to the oxygen functional groups. Based on the quantification of the 

same, lower oxygen content was determined for the reference sample MC_0 which is in 

agreement to the findings of the O1s spectra evaluation.  

 

3.2 Differences during heating in vacuum 

The O1s spectra show similar behavior for MC_1 and MC_2 while heating the materials in 

vacuum to 130°C. For both samples, a decrease in the total oxygen content of about a seventh 

part for MC_1 and about one-fifth for MC_2 can be determined (Table 4). Even the water 

exposure at 130°C does not change the trend of the gradual decrease of most oxygen components. 

The major change in the oxygen species distribution is observed for the feature at 532.7 eV. Due 

to the mild temperatures applied, the loss of adsorbed water species from the highly porous 

materials (compare BET surface areas in Table 1) seems to be another plausible conclusion. TG-

MS experiments were performed in order to check for carbon decomposition reactions under CO2 

evolution at the temperatures applied in the in-situ experiments. It could be confirmed that water 



is the only released species within the investigated temperature range (Figure 5). The most 

pronounced intensity after the heating experiments corresponds to an oxygen species at 533.5 eV. 

As described before this feature can be assigned to ether-like oxygen functional groups which 

were expected to be stable in the applied temperature treatment.  

 

Table 4: Quantification of oxygen species of MC_1 and MC_2 during heating in vacuum and 

subsequent addition of water (0.1 mbar) at 130°C (Spectra and peak fits can be found in the 

supporting information) 

Sample 
Process 

Step 

Fraction O-Species [%] 
Total oxygen 
content [%] I 

530.5 
II 

531.2 
III 

531.9 
IV 

532.7 
V 

533.5 
VI 

534.2 

MC_1 

RT 0.4 1.5 1.4 3.0 4.0 0.8 11.1 

80°C 0.4 1.3 1.2 2.2 3.8 0.9 10.3 

130°C 0.4 1.4 1.2 1.9 3.7 0.9 9.4 

130°Cvapor 0.2 1.3 1.1 1.3 4.1 0.6 8.5 

MC_2 

RT 0.4 1.8 1.6 3.4 4.4 0.5 12.1 

80°C 0.4 1.7 1.4 2.6 4.3 0.5 10.9 

130°C 0.5 1.5 1.1 2.0 4.1 0.6 9.8 

130°Cvapor 0.2 1.4 1.1 1.3 4.1 0.2 8.3 
 
 

 

Figure 5: TG-MS experiment of MC_1. Left: mass loss over temperature treatment, Right: MS-

signal for CO, CO2, OH and H2O. 



Despite the similarity in the evolution of the O1s spectra, differences can be observed comparing 

the C1s spectra of the two samples (Figure 6). In case of MC_1 the carbon structure of the 

material remains almost unchanged during heating in vacuum. In contrary, an increase in 

amorphous surface carbon (284.7 eV) can be determined for MC_2. Generally the formation of 

amorphous surface carbon can be explained by the removal of oxygen functional groups while 

less ordered amorphous structures are retained. However, since the O1s spectra of both samples 

show similar losses in oxygen functional groups, this idea does not provide a satisfying 

explanation of the observations in the C1s spectra. For this reason, we would like to refer to the 

initial differences of the C1s spectra as discussed for the ex-situ XPS measurements. The effect 

of possible esterification reactions during the pretreatment in 2-butanol could be partially 

reversed by the water evolved during heating. Thus, hydrolysis and re-formation of hydrogen 

bonds can lead to structural changes. The increase in wettability and intercalation of water can 

result in the exfoliation of the structure. It is possible that less stable amorphous components can 

be partially transported towards the surface by the water evolved, resulting in the detection of 

higher amounts of amorphous surface carbon.  

Since for none of the oxygen related features at higher binding energies of the C1s spectra a 

pronounced loss was observed, the strong changes in O1s spectra for both samples are unlikely to 

be related to the significant cleavage of C-O-bonds. More plausible for the explanation of the 

changes in the feature at 532.7 eV is the removal of structural water, e. g. from water 

incorporation of the pores or the solvation of oxygen functional groups. 

 



 

Figure 6: Evolution of C1s components during heating in vacuum and subsequent addition of 

water (0.1 mbar) at 130°C (Spectra and peak fits can be found in the supporting information). 

3.3 Behavior during heating in water atmosphere  

Compared to the experiments in vacuum, there are significant differences in the behavior of the 

two samples MC_1 and MC_2 while heating under water vapor of 0.1 mbar. The presence of 

water induces the additional reactivity of hydrolysis to the sequence of chemical events upon 

thermal treatment. The latter commonly leads to condensation reactions. Whereas the overall 

oxygen content for MC_2 does not change significantly under the heat treatment in vapor (even 

shows a tendency to rise up to 80°C), the total O-content for MC_1 decreases from 11.1% to 

9.9% (Table 5).  



Table 5: Quantification of oxygen species for MC_1 and MC_2 during heating in  

0.1 mbar water vapor (Spectra and peak fits can be found in the supporting information) 

Sample 
Process 

Step 

Fraction O-Species [%] 
Total oxygen 
content [%] I 

530.5 
II 

531.2 
III 

531.9 
IV 

532.7 
V 

533.5 
VI 

534.2 

MC_1 

RTvapor 0.1 1.6 1.4 3.3 4.6 0.9 11.8 

80°Cvapor 0.2 1.0 1.3 1.9 3.2 1.1 8.7 

130°Cvapor 0.5 1.6 1.3 1.7 3.4 1.5 9.9 

MC_2 

RTvapor 0.2 1.1 1.4 2.4 3.7 0.3 9.2 

80°Cvapor 0.1  1.1 1.4 2.3 4.1 0.8 9.8 

130°Cvapor 0.1 1.1 1.4 1.6 4.0 1.4 9.5 
 

The signal at 533.5 eV, which was stable for both samples during the heat treatment in vacuum, 

decreases for MC_1 while heating in water atmosphere. This indicates that parts of the ether or 

ester groups of MC_1 are sensitive against hydrolysis. In case of MC_2, the functional groups 

recorded at 533.5 eV are more stable against hydrolysis. On reason can be lower penetration of 

water into the structure due to the more hydrophobic surface.  

Hydrolysis reactions have an oxygen introducing effect. Thus the small changes in the overall 

oxygen content for MC_2 could be the result of two simultaneous processes: Firstly, the loss of 

oxygen species (water removal) due to the increasing temperature and secondly the partial 

introduction of oxygen functional groups by possible hydrolysis reactions.  Figure 7 summarizes 

potential hydrolysis reactions for the prior suggested surface functional groups of the materials. 

As a result of the hydrolysis, the surface solvation is enhanced, due to the increase in functional 

groups that are capable of hydrogen bond formation. Solvation or the incorporation of water 

molecules could be one explanation of restructuring forces as discussed before. 

As a common trend of the O1s spectra, both samples, MC_1 and MC_2, exhibit a decrease of the 

peak located at 532.7 eV, also observed under vacuum. At the same time, the feature at the 

binding energy of 534.2 eV increases in intensity. The opposite trend of development of both 



peaks supports the idea of two simultaneous processes. The correlation of the peak at 534.2 eV to 

OH-species in carboxyl functional groups corresponds to an often reported assignment in the 

literature [17, 20, 26, 27, 33]. In addition, carboxyl groups are preferentially formed in most 

hydrolysis reactions (Figure 7). Based on the reaction conditions applied, i. e. mild temperatures 

and vapor atmosphere, the decrease in the peak at 532.7 eV is most likely related to adsorbed 

water from pore incorporation or material solvation. 

 

Figure 7: Reactivity of different oxygen functional groups towards water [36] and consequential 

changes in the solvation chemistry. 



The C1s spectra for the experiments in water atmosphere reveal a stronger contribution of 

amorphous carbon for both samples (Figure 8), in comparison to the water-free experiments. In 

case of MC_1 a dramatic increase of the amorphous carbon can be followed during heating in 

vapor. Similar to the observations from the O1s spectra, MC_1 seems to be less stable against 

water. 

 

 

Figure 8: Evolution of C1s components during heating under water vapor of 0.1 mbar (Spectra 

and peak fits can be found in the supporting information). 

 

 

 



4. Conclusions 

The present study revealed two possible reasons for the deactivation of the carbon catalyst after 

the pretreatment in alcoholic solvent: 1. The lower content of oxygen species detected at  

534.2 eV which can be assigned to carboxylic acid functional groups [17, 20, 26, 27, 33]. 2. The 

deactivation by esterification of acid functional groups, as indirectly evidenced by lower 

reactivity against water and the more hydrophobic surface of MC_2.  

Apart from the results relevant for the catalytic application, the experiments provide crucial 

information on general properties of oxygen functionalized carbon in contact of water. Despite 

the similarities in the oxygen content and the evolution of the O1s peak during heating in 

vacuum, the addition of water and adjacent heat treatments revealed significant differences in the 

behavior of the two samples. Hence, carbon materials are not necessarily inert towards water if 

they carry oxygen functional groups. Carbon, if not graphitic, exhibits a dynamic behavior under 

the influence of water. Since the in-situ XPS experiment have been performed in only 0.1 mbar 

vapor pressure and mild temperatures of maximal 130°C, more drastic changes in the structure of 

carbon materials can be expected under “real” hydrothermal or electrochemical conditions. 

Several conclusions of the behavior of carbon materials under the influence of aqueous media,  

e. g. for electrode materials, can be reconsidered based on the finding of the presented XPS 

experiments. 
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Supplementary Information 

SI 1. Nitrogen adsorption measurements 

Table 6: BET isotherms of mesoporous carbon samples investigated by XPS 

Sample SN BET isotherm BJH poresize distribution 

MC_0 10921 

 

TDP0.2 11108 

 

MC_1 11466 

 

MC_2 11690 

 
 
 



SI 2. Cl impurities and their evolution during heat and vapor treatment 

Table 7: Quantification of Cl species of MC_1 and MC_2 during in-situ XPS  

Experiment  Process step 
Total Cl 

content [%] 

Heating in vacuum and 
subsequent addition of 
0.1 mbar vapor 

MC_1 

RT 0.4 
80°C 0.2 

130°C 0.2 
130°Cvapor 0.1 

MC_2 

RT 0.2 
80°C 0.1 

130°C 0.1 
130°Cvapor 0.1 

Heating in 0.1 mbar 
vapor pressure 

MC_1 
RTvapor 0.3 

80°Cvapor 0.3 
130°Cvapor 0.2 

MC_2 
RTvapor 0.2 

80°Cvapor 0.2 
130°Cvapor 0.3 

 
 

The acidic pH during the oxidation treatment in hydrogen peroxide is achieved by the addition of 

hydrochloric acid to the reaction mixture. As observed in the survey spectra, part of the 

hydrochloric acid reacted with the carbon material and formed chloro-functionalized surface 

species on the material. In order to give a complete comparison of the two samples MC_1 and 

MC_2 the Cl2p peaks have been examined in detail. The main feature of the Cl2p is located at 

~200.4 eV. This can be related to chlorinated polymers like polyethylene or chlorinated benzene-

like molecules [Moulder J, Stickle W, Sobol P. Handbook of X Ray Photoelectron Spectroscopy; 

1992]. Sample MC_2 exhibits a smaller amount of Cl than sample MC_1 at room temperature 

(Table 7) and only MC_1 shows a decrease of the Cl signal with increasing T under vacuum 

conditions. This effect proceeds also under water exposure at 130°C, where the intensity of 

MC_1 reaches values comparable to the average Cl signal of MC_2. The addition of vapor during 



the heat treatment seems to stabilize the Cl-functional groups in both samples. Minor differences 

were detected both for the different samples MC_1 and MC_2, as well as for the different 

temperature steps. 

Although the total amount of chlorine functional groups is with < 0.5% small in comparison to 

12% oxygen content, an effect on the catalytic performance of the two materials cannot be 

excluded.  

 
Figure 9: Cl 2p spectra for MC_1 and MC_2 during heating in vacuum  

 
Figure 10: Cl 2p spectra for MC_1 and MC_2 during heating in vapor 
 



SI 3. Additional information on evaluation of C1s and O1s signals 

Table 8: Quantification of oxygen species of MC_0, MC_1 and MC_2 by ex-situ XPS [%] 

Sample 530.5 eV 531.2 eV 531.9 eV 532.7 eV 533.5 eV 534.2 eV
Total oxygen 

content 

MC_0 0.3 0.5 0.8 1.6 1.9 0.2 5.3 

MC_1 0.4 1.5 1.4 3.0 4.0 0.8 11.1 

MC_2 0.4 1.8 1.6 3.4 4.4 0.5 12.1 

 

Table 9: Quantification of carbon species in the C1s pectra of MC_0, MC_1 and MC_2 obtained 

by ex-situ XPS [%] 

Sample 
284.4 

eV 
284.7 

eV 
285.2 

eV 
285.9 

eV 
286.6 

eV 
287.9 

eV 
288.5 

eV 
289.1 

eV 
Total carbon 

content 

MC_0 40.0 27.7 4.7 2.4 2.9 1.8 5.9 1.2 94.8 

MC_1 37.0 26.7 4.9 3.0 4.0 2.4 0.6 1.8 88.6 

MC_2 43.0 15.7 5.1 2.9 3.4 2.3 0.5 1.1 87.7 

 



 

Figure 11: Insitu XPS spectra of sample MC1 (left) and MC2 (right). The line in the figure 

corresponds to the main intense 533.4 eV peak. The arrow points to a new feature developing 

while water exposure. 



 

Figure 12: Fits for O1s spectra of MC_1 and MC_2 during heating in vacuum 
 
 

 
 
Figure 13: Fits for C1s spectra of MC_1 and MC_2 during heating in vacuum 
 
 



 
Figure 14: Fits for O1s spectra of MC_1 and MC_2 during heating in 0.1 mbar vapor 

 
Figure 15: Fits for C1s spectra of MC_1 and MC_2 during heating in 0.1 mbar vapor 
 


