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Abstract 

The photocatalytic activity for benzene hydroxylation to phenol by hydrogen 

peroxide has been evaluated using a series of photocatalysts based on defective graphene. 

The series includes defective graphene containing or not Au and Cu2O nanoparticles. The 

later exhibits the highest activity, but a very low phenol yield as consequence of the 

occurrence of a large degree of mineralization. A considerably increase in phenol 

selectivity was achieved by modifying the surface of the Cu2O nanoparticles supported on 

defective graphene with long-chain alkanethiols. Under the optimal conditions using an 

octanethiol-modified Cu2O-graphene photocatalyst, a selectivity to phenol about 64 % at 

30 % benzene conversion was achieved. This remarkable selectivity was proposed to 

derive from the larger hydrophobicity of the alkanethiol-modified Cu2O-graphene 
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photocatalyst that favors the preferential benzene adsorption versus adsorption of phenol 

and hydroxybenzenes. 

 

Introduction 

Graphenes have an increasing importance in photocatalysis, either as additive in 

small percentage to increase the efficiency of semiconductors or as photoactive 

component in the system.1, 2 While ideal graphene is a zero-band semiconductor, the 

presence of defects and dopant elements can introduce a semiconducting behavior.3-6 The 

photocatalytic activity of graphene oxide has been widely studied, but it has been 

reported that doped, defective graphenes can exhibit also a notable photocatalytic 

activity.7-12 

In this context, it has been shown that pyrolysis of natural polysaccharides, some 

of them residues from the fishery industry or biomass wastes, converts them into 

turbostratic graphitic carbons that upon sonication afford high yields of defective 

graphenes.13-15 Depending on the polysaccharide, this precursor can act simultaneously as 

source of C and a dopant element, such as N and S in the case of chitosan and carrageen, 

respectively.16-18 It has been found that N- or P-doped graphenes obtained through this 

pyrolysis procedure can generate hydrogen from aqueous solutions of sacrificial electron 

donors.19-21 

In addition, these defective graphenes containing in a few percent Au or Cu2O 

nanoparticles strongly grafted have a remarkable photocatalytic activity for the overall 

water splitting and the photo-assisted methanation of CO2.22, 23 Available evidence 
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supports that the mechanism of the photocatalytic reaction occurs through photoinduced 

charge separation with the generation of electrons in the conduction band and positive 

holes in the valence band. 

 In view of the photoactivity of these defective graphenes, it would be of interest to 

explore further the performance of these materials for other photocatalytic reactions. In 

this regard, it has been reported that defective graphenes can promote the photo-assisted 

Fenton-like degradation of phenol by solar light.24 The available data indicates that the 

reaction involves the generation of hydroxyl radicals that attack to phenol forming 

hydroquinone and p-benzoquinone. Continuing with this research it would be important 

to determine if this ability of defective graphenes to generate hydroxyl radicals from 

hydrogen peroxide and the possibility that these materials offer to tune their surface 

properties can be exploited to promote photocatalytic hydroxylation of benzene to form 

phenol. Phenol is industrially obtained in two steps from benzene through the 

intermediacy of cumene.25 The development of a one-step, selective oxidation of benzene 

to phenol will be of large importance, especially when such a reaction can be driven by 

solar energy.26-37 

 In the present manuscript the preparation and photocatalytic activity for benzene 

hydroxylation using H2O2 over a series of graphenes supporting metals in which the 

surface has been modified will be presented. It will be shown that by appropriate tuning 

of the surface hydrophilicity/hydrophobicity, graphene-based photocatalysts having a 

notable selectivity to phenol at medium conversions can be obtained. 

Results and Discussion 
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 The list of samples prepared, their analytical data and some relevant properties 

are summarized in Table 1. These samples were prepared from alginate that was 

submitted to pyrolysis under inert atmosphere, either in the absence of metals, or 

containing adsorbed various amounts of AuCl4
- and Cu2+ salts. As commented in the 

introduction, it has been reported that pyrolysis of alginate and subsequent sonication of 

the graphitic carbon residue affords defective graphenes. The present characterization 

data coincide with those reported in the literature.38, 39 The relatively low C content is due 

to the presence of adsorbed H2O onto the ambient equilibrated graphene samples. It has 

also been found by XPS that the samples of this defective graphene (dG) contain in its 

composition about 10 % of residual oxygen covalently attached to the graphene carbons. 

Analysis of C1s peak in XPS shows the presence of graphitic C as predominant component 

in about 70 %, accompanied by other components corresponding to C atoms bonded to O, 

either with single or multiple bonds. The presence of defects is reflected in the Raman 

spectra of dG by the observation of the D peak at about 1350 cm-1 accompanying the 

characteristic 2D and G bands at 2700 and 1590 cm-1, respectively. The density of defects 

can be quantitatively measured by the relative intensity of the G vs. the D band that in the 

present case is 1.18. This IG/ID ratio is in the order of the values previously reported for 

other defective graphenes and somewhat higher (lesser defect density) than those typical 

for reduced graphene oxide (rGO) reported in the literature that are about 0.9. The typical 

2D morphology of dG was observed by transmission electron microscopy, where sheets of 

single and few-layers graphene with micrometric lateral size were observed. 
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Table 1. Analytical data and some relevant properties of the samples prepared in the 

present study. 

Sample 

Metal[a]

(wt%) 

N 

(wt%) 

C  

(wt%) 

S 

(wt%) 

Average particle 

size[b] (nm) 

Alkanethiol 

[c](at%) 

Heating 

absorption (J/g) 

dG 0 0.24  68.69 0.68    

Au/dG 0.53    7.2   

Cu2O/dG 6.6 0.21 60.16 0.61 11.4  32.70 

Cu2O-8/dG 6.6 0.49  76.88 0.91  6.77 24.80 

Cu2O-12/dG 6.6 0.23  56.57 0.87  5.76 24.17 

Cu2O-16/dG 6.6 0.21  56.55 0.86  5.45 22.59 

[a] Calculated from ICP analysis; [b] calculated from TEM images; [c] calculated from 

combustion elemental analysis. Molecules of alkanethiol per 100 Cu atoms. 

Au/dG and Cu2O/dG were prepared by depositing on preformed dG samples, Au 

and Cu nanoparticles (NPs) obtained by chemical reduction of AuCl4
- and Cu2+ salts 

following the so-called polyol method using ethylene glycol as reducing agent at 120 oC for 

24 h. It has been shown that the polyol reduction is a convenient and reliable method to 

obtain metal NPs.40-43 In the presence of dG, these metal NPs become supported on this 

defective graphene. The metal content in the samples was determined by ICP analysis 

after dissolving the metal with aqua regia. In the case of Au, three different Au/dG 

differing in the Au content were prepared. 

 For the samples at the highest metal loadings, the presence of metal on the 

defective graphene samples can be demonstrated by XRD. In the case of Au/dG at the 

highest metal loading, the presence of Au was determined by recording in XRD the peaks 

corresponding to the expected cubic phase of this noble metal. In contrast to the case of 
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Au/dG, XRD of Cu samples immediately after preparation showed besides the peaks 

corresponding to Cu(0) others indicating the presence of Cu2O. Figure 1 shows the XRD 

patterns of Au/dG and Cu2O/dG. This oxide could derive either from the incomplete 

reduction of Cu2+ ions in the polyol method or from the oxidation of the outermost layers 

Cu NPs upon exposure of the sample to the ambient. Due to the presence of cuprous 

oxide that is a well-known visible-light semiconductor, these samples containing Cu were 

denoted as Cu2O/dG. 

 

Figure 1. XRD patterns of Au/dG (a) and Cu2O/dG (b). 

The list of samples under study was completed with three surfactant modified 

Cu2O/dG photocatalysts that were prepared by sonication of freshly prepared Cu2O/dG 

samples in ethanol solutions of long chain alkyl thiols from 8 to 16 carbon atoms in a Cu-

to-S atomic ratio of 1. Based on the existing precedents, it was expected that thiol 

molecules will bind to the Cu2O NPs due to the strong Cu-S interaction. In this way, the 

polarity of the Cu2O NP surfaces could be modified, increasing the hydrophobicity of the 

Cu2O NPs. The samples are denoted as Cu2O-x/dG, where x indicates the number of 

carbon atoms of the surfactant. 
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Anchoring of alkanethiols on Cu2O-x/dG was quantified by determining the 

increase in the S content compared to the parent Cu2O/dG sample and also by comparison 

of the thermogravimetric profiles of the Cu2O-x/dG samples with respect to that of 

Cu2O/dG. The results are summarized in Table 1. As indicated above, the purpose of 

introducing long alkyl chains is to enhance the hydrophobicity of the Cu2O-x/dG samples 

respect to the parent Cu2O/dG and, in this way, control the product distribution in the 

(photo)catalytic benzene hydroxylation. A first experimental evidence supporting this 

change in the surface polarity of the Cu2O-x/dG materials respect to Cu2O/dG can be 

inferred from the thermogravimetric profiles shown in Figure 2. As it can be seen there, 

the parent Cu2O/dG sample exhibits a higher weight loss from 150  to 300 oC that can be 

attributed to a higher water desorption in this Cu2O/dG sample respect to Cu2O-x/dG 

materials. At higher temperatures, the weight loss of Cu2O-x/dG is higher than that of 

Cu2O/dG due to the combustion decomposition of the alkyl chain of thiol. In this way, the 

weight loss from 300 till 700 oC can be also used to quantify the weight percentage of 

alkanethiol present in the samples. This estimation coincides reasonably well with that 

based on the increment in the S content determined by combustion chemical analysis. 

These estimations indicate that there is about 5-7 molecules of alkanethiol per 100 Cu 

atoms in the Cu2O-x/dG samples (see Table 1). 
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Figure 2. TG results of Cu2O/dG (a) and Cu2O-8/dG(b) obtained under N2 atmosphere. 

Further evidence of the influence of the presence alkanethiols and the chain length 

in the increase in the surface hydrophobicity was obtained by measuring the heat of water 

adsorption at low H2O coverages (Table 1). It was measured that this heat of adsorption at 

low coverages decreases, initially abruptly upon thiolation from a value of 32.70 to 24.80 

J×g-1 going from the parent Cu2O/dG  to Cu2O-8/dG and, then, more gradually from to 

24.80 to 22.59 J×g-1 from Cu2O-8/dG to Cu2O-16/dG. These values are in good agreement 

with the polarity changes that could be predicted based on the configuration of the Cu2O-

x/dG surface. 

The presence of Au or Cu2O NPs on the surface of dG, their distribution and their 

particle size was determined by transmission electron microscopy of the Au/dG and 

Cu2O/dG samples. Figure 3 shows selected images at different magnifications to illustrate 

the textural characteristic of the samples. As it can be seen there, in the case of Au, 

smaller NPs of 7.2 nm average size well distributed on single sheets dG can be observed. 
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In contrast, in the case of Cu2O, much larger particles and a broad size distribution was 

observed. This difference in the behavior of Au and Cu is also in accordance with the 

literature and the expected behavior of salts of these two metals in the polyol reduction 

method. 

 

Figure 3. TEM images of Au/dG sample (a,b) and Cu2O/dG (c,d) at different magnifications. 

The insets show the statistical particle size distributions of the two samples respectively.  
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The set of samples prepared was evaluated with respect to their (photo)catalytic 

activity to oxidize benzene by hydrogen peroxide. The results are provided in Tables 2 and 

3, depending on whether the reactions were carried out upon visible light irradiation using 

a LED or in the dark in the case of the surfactant-modified Cu2O-x/dG samples. As it can be 

seen there, although even dG exhibits photocatalytic activity, this activity increases 

substantially by the presence of metals either Au or Cu2O. The increase of benzene 

conversion was particularly high in the case of Cu2O/dG. However, in spite of the 

moderate to high benzene conversion, the yield to phenol was always very low (about 1 

%) due to overoxidation of phenol to complete mineralization to CO2. As can be seen in 

Table 2, most of the conversion of benzene with these photocatalysts corresponds to 

unwanted mineralization that accounts for almost the whole benzene conversion. 

In an attempt to gain control on the selectivity of the process and to direct the 

process towards the wanted phenol production, the most active photocatalyst, Cu2O/dG, 

was functionalized with alkanethiols of increasing chain length in the range from 8 to 16 

carbons. It was reasoned that an increase in the hydrophobicity of the surface of the 

photocatalyst should favor preferential adsorption of low polarity substrates, like 

benzene, over the more polar ones, like hydroxyl and polyhydroxy benzene. Desorption of 

phenol away from the photocatalyst surface should increase its selectivity. In this way, 

after formation of phenol, this compound could be desorbed from the photocatalyst 

surface by competition with benzene. This surface modification was performed by using 

long chain thiols, based on the well-known affinity of Cu+ and other soft metal ions for 

sulfur ligands. 
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As it could be anticipated, modification of Cu2O/dG by alkanethiols decreased the 

photocatalytic activity due to the masking of some active centers. However, the 

photocatalytic activity of these Cu2O-x/dG samples was still notable and, importantly, it 

even increased with the length of the alkyl chain. For Cu2O-12/dG and Cu2O-16/dG the 

photocatalytic activity was similar or even higher than that of Cu2O/dG, a fact that could 

be attributed for the more favorable adsorption of benzene on these materials that would 

compensate the effect of Cu2O surface coverage. 

However, the most remarkable effect of the presence of alkanethiols is the over 

one-order of magnitude increase in the phenol yield that is a consequence of the phenol 

selectivity. In the case of Cu2O-8/dG at moderate conversions, phenol selectivity values 

well over 50 % were achieved. The percentage of benzene mineralization was 

concomitantly decreased, reaching values as low as about 10 % at over 30 % benzene 

conversion. This behavior can be rationalized in general terms as derived from the control 

of the surface hydrophilicity/hydrophobicity and the different polarity of substrates and 

primary products. As far as we know these phenol selectivity values are without precedent 

and illustrate the potential that graphene-based photocatalysts offer for the selective 

production of high-added value chemicals by controlling surface polarity. 

The effect of light on the process is clearly demonstrated by comparing the results 

of the photocatalytic benzene hydroxylation with those in the dark. Although the reaction 

takes place in significant degree also in the dark, benzene conversions are somewhat 

lower in the case of the non-irradiated reactions. Moreover, phenol selectivity are notably 

much lower in the dark respect the irradiated reactions accompanied by a larger 

mineralization degree. Thus, the photocatalytic reaction gives significantly better results. 
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The difference between the dark and the photocatalytic reaction shows the difference in 

the rate determining steps and activation barriers between the two processes. It seems 

that in the case of the dark reaction the reaction rates for benzene or phenol reaction are 

not as different as in the case of the photocatalytic reaction. 

The cycling test over Cu2O-8/dG showed that there was no obvious change of 

benzene conversion as well as the yield to phenol after three successive runs (Figure 4). 

 Table 2. The catalytic results obtained under the LED illumination. 

Catalyst 
Time 
(h) 

Benzene 
conv.(%) 

Phenol 
yield(%) 

Phenol 
selec.(%) 

Benzoquinone 

yield (%) 
Mineralization 

(%)[a] 

dG 16 10.74 0.40 3.72 0.00 10.30 

Au/dG 16 30.06 0.46 1.53 0.00 29.60 

Cu2O/dG  16 61.28 1.22 1.99 0.16 59.90 

Cu2O-8/dG 16 30.18 19.30 63.94 0.47 10.40 

Cu2O-12/dG 16 55.13 10.63 19.27 0.15 44.35 

Cu2O-16/dG 16 70.64 14.82 20.98 2.10 53.71 
[a]Mineralization (%) = (initial amount of benzene – residual benzene – phenol – 

benzoquinone) / (initial amount of benzene)  100 % 

 

Table 3. The catalytic results obtained in the dark. 

Catalyst 
Time 
(h) 

Benzene 
conv.(%) 

Phenol 
yield(%) 

Phenol 
selec.(%) 

Benzoquinone 

yield (%) 
Mineralization 

(%)[a] 

dG 16 10.72 2.09 19.53 0.01 10.89 

Au/dG 16 41.40 3.08 7.45 0.03 39.81 

Cu2O/dG  16 43.79 6.43 14.69 7.86 31.04 

Cu2O-8/dG 16 27.85 6.31 22.65 19.24 2.30 

Cu2O-12/dG 16 50.00 7.52 15.04 0.01 42.46 

Cu2O-16/dG 16 58.41 5.79 9.91 0.05 52.58 
[a]Mineralization (%) = (initial amount of benzene – residual benzene – phenol – 

benzoquinone) / (initial amount of benzene)  100 % 
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Figure 4. Cycling test on Cu2O-8/dG for Benzene Hydroxylation. 

Conclusions 

The present manuscript constitutes an additional example showing the increase in 

the photocatalytic efficiency of semiconductors by the presence of graphenes as 

consequence of the increase in the efficiency of the charge separation and the decrease of 

charge recombination. In the present case, this effect of graphene has been applied to 

carry out photocatalytic hydroxylation of benzene to phenol. It has been found that the 

much higher reactivity of phenol results in very low phenol yields and selectivity values 

and the occurrence of a large degree of mineralization. However, modification of the 

surface polarity by attachment of long alkyl chains can serve to control the 

hydrophilicity/hydrophobicity of the reaction centers and as favor the adsorption of the 

substrates versus that of the product. In this way, phenol selectivity as high as 63.94 % at 

about 30 % benzene conversion could be achieved. Although the benzene hydroxylation 

also occurs in the dark promoted by the photocatalyst, the selectivity to phenol is about 
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four times lower and mineralization prevails. Thus, it is the combination of light and 

surface modification what is responsible for the notable selectivity on phenol in the 

reaction of benzene. 

Experimental section 

Synthesis of dG 

Alginic acid sodium salt from brown algae (Sigma) was pyrolysed under Ar atmosphere 

using the following program: annealing at 200 oC for 2 h and then heating with a rate of 10 

oC min-1 up to 900 oC for 2 h. The sample was allowed to cool at room temperature under 

inert atmosphere. 

Synthesis of Au/dG 

dG from alginate pyrolysis (100 mg) was added to ethylene glycol (40 mL) and the mixture 

was sonicated at 700 W for 1 h to obtain dispersed dG. HAuCl4 (5.93 mg) was added to the 

reaction mixture and Au metal reduction was then performed at 120 oC for 24 h with 

continuous stirring. The Au/dG samples were finally separated by filtration and washed 

exhaustively with water and acetone. The resulting material was dried in a vacuum 

desiccator overnight to remove the remaining water. 

Synthesis of Cu2O/dG 

dG from alginate pyrolysis (100 mg) was added to ethylene glycol (40 mL) and the mixture 

was sonicated at 700 W for 1 h to obtain dispersed dG. Cu(NO3)2·H2O (42.0 mg) was added 

to the reaction mixture and Cu metal reduction was then performed at 120 oC for 24 h 

with continuous stirring. The Au/dG samples were finally separated by filtration and 
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washed exhaustively with water and acetone. The resulting material was dried in a 

vacuum desiccator overnight to remove the remaining water. 

Synthesis of Cu2O-x/dG 

Cu2O/dG (100 mg) was sonicated in 200 ml ethanol solution for 1.5 h to obtain dispersed 

sample. Then a certain amount of alkanethiol with a mole rate of 1:1 for Cu atom and thiol, 

(17.9 µL 1-octanethiol, 23.9 µL 1-dodecanethiol, 30.8 µL 1-hexadecanethiol, respectively), 

was added into the solution and the mixture was sonicated for another 1.5 h. After that, 

the samples were separated by filtration and washed exhaustively with water and acetone. 

The resulting material was dried in a vacuum desiccator overnight to remove the 

remaining water. 

Characterization techniques 

TEM images were recorded by using a Philips CM 300 FEG system with an operating 

voltage of 100 kV. X-ray diffraction (XRD) patterns were obtained by using a Philips X’

Pert diffractometer and copper radiation (CuKa=1.541178 A°). Quantitative ICP-OES 

measurements were performed by using a 715-ES Varian apparatus. Combustioin 

elemental analysis was carried out with Euro EA3000 Elemental Analyzer (EuroVector), 

using sulfanilamide as a reference. TG was performed with a Mettler Toledo TGA/SDTA 

851e device in the temperature range from 20 to 800 oC at a speed of 10 oC min-1 under N2 

atmosphere. Water heating absorption measurement was performed with C80 immersion 

calorimeter. 
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Photocatalytic reactions 

The photocatalytic reactions were carried out in a PCX50B Discover system. In a typical 

catalytic process, deionized water (5 mL) and benzene (1 mmol) were transferred to a 

Schlenk tube containing catalyst (5 mg). After stirring for 30 min, H2O2 (30%, 1 mmol) was 

added. The system was irradiated by a white light LED lamp (130 mW×cm-2) at room 

temperature (Fig. S1). After reaction, 5 mL of acetonitrile was poured into the reaction 

system to turn the biphasic system to a single-phase one. After removal of the catalyst, 

the solution was analyzed by High Performance Liquid Chromatography (Alliance e2695, 

Waters) equipped with a Photo-Diode Array Detector using a C-18 column. The column 

temperature was kept at 30 °C. A mixture of acetonitrile and water in a volume ratio of 

70:30 was used as the eluent. Benzene, phenol, benzoquinone were detected by the 

Photo-Diode Array Detector at 213, 215 and 243 nm, respectively. The gaseous product 

(CO2) was detected by a GC-TCD (Shimadzu GC-2014) with a TDX-01 packed column. The 

catalyst was washed with ethanol and then dried under vacuum at 60 °C for 10 h and then 

reused in the next run. 
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