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Abstract 

Graphitic carbon nitride enriched with ZnO or Fe2O3 were synthesized using a simple 

one-pot mechanochemical method. By using this method, composite samples were 

synthetized without the production of any potentially hazardous waste. The synthesized 

materials were used as catalysts during the selective photo-oxidation of benzyl alcohol. 

Both composite materials displayed an enhancement of the activity and benzaldehyde 

selectivity with respect to the pure g-C3N4. The most active catalyst was Fe2O3/g-C3N4. 

The conversion and benzaldehyde selectivity of this sample were 20 and 70 %, 

respectively. It showed a considerable increase of the benzaldehyde selectivity 

compared to the pure g-C3N4 and TiO2 P25 commercial reference. A complete structural 

and electronic characterization using Scanning Electron Microscopy-Energy Dispersive 

(SEM-EDX), BET measurements, X-ray diffraction (XRD), X-ray Photoelectron 

(XPS), and UV–visible spectroscopies was carried out. The characterization analysis 

pointed out the leading role of the crystallinity and surface concentration over the 

activity and benzaldehyde selectivity of the reaction. 
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1. Introduction 

As a fundamental field in science, photochemistry development has been improved 

significantly during the last decades.(Schultz and Yoon, 2011) Advanced oxidation 

processes and particularly heterogeneous photocatalysis have evolved as powerful 

technologies to facilitate the control and elimination of pollutants, energy production, as 

well as selective synthesis of high added value products. (Colmenares et al., 2009; 

Kubacka et al., 2012; Mamba and Mishra, 2016a) In contrast to studies devoted to 

photo-degradation of pollutants, relatively fewer studies were conducted on the 

application of photocatalysis for product synthesis using selective oxidation routes. 

(Mario J. Muñoz-Batista et al., 2014) 

Among the possible alternatives which have a wider electromagnetic spectrum than 

TiO2, materials with delocalized conjugated π structures have shown a remarkable 

capacity to transfer electrons under light irradiation. One of these materials, the 

graphitic carbon nitride (g-C3N4), has been extensively studied.(Li et al., 2012; Mamba 

and Mishra, 2016a; Zhao et al., 2015) Graphitic carbon nitride consists in a graphitic 

structure of tri-s-triazine layers linked between them through amino groups. It is 

considered as a promising material as photocatalyst due to its excellent photoelectrical 

properties, with a band gap suitable for UV-Visible light absorption (2.7 eV). In 

addition, it can be synthesized using cheap and abundant feedstocks, like 

melamine,(Fontelles-Carceller et al., 2016; Muñoz-Batista et al., 2017; Yan et al., 2009; 

Zhang et al., 2013) cyanamide,(Ge et al., 2012) urea,(He et al., 2015b) or 

thiourea.(Zhang et al., 2012) Pure g-C3N4 shows a good photocatalytic performance 

under UV, Visible and Sunlight irradiation conditions.(Mamba and Mishra, 2016b) 

However, it is usually reported that g-C3N4 photo-excited electrons and holes suffer a 

rapid recombination, resulting in a high decrease of the photoactivity.(Muñoz-Batista et 



al., 2015a) The activity of g-C3N4 is related to its surface area, pore volume, physical 

and chemical surface properties, which makes it versatile and possible to induce 

different structural modifications to enhance its catalytic properties.(Mamba and 

Mishra, 2016a) Previous reports showed that is possible to enhance charge separation, 

improve the resistance to photocorrosion and therefore achieve a higher photocatalytic 

performance by combining g-C3N4 with another photocatalyst (TiO2, ZnO, 

Fe2O3).(Evgenidou et al., 2005; He et al., 2015a; Hu et al., 2014; Kuang et al., 2015; Li 

et al., 2015; Liu et al., 2014; Miranda et al., 2013; M.J. Muñoz-Batista et al., 2014; 

Muñoz-Batista et al., 2015b; Obregón and Colón, 2014; Theerthagiri et al., 2014; Wang 

et al., 2017, 2011; Zhou et al., 2015) The most reported method for linking both 

photocatalysts is wet impregnation, while only a few papers used mechanochemical 

processes in their synthesis, favoring the use of no solvents. (Kim et al., 2017; Wang et 

al., 2011) Complete mixture with high interaction level can be achieved without using 

any other compounds apart from the solid photocatalysts. (Xu et al., 2015)  

Benzaldehyde is a highly demanded compound due to its wide variety of applications in 

food, pharmaceutical or perfumery industry, or as an intermediate in lot of chemical 

synthesis routes. The commercial benzaldehyde is produced by the chlorination of 

toluene followed by saponification [39], in which the catalysts offer low selectivity to 

benzaldehyde and the aldehyde is overoxidized [40].  

This work shows the development of ZnO- and Fe2O3-g-C3N4 using ball milling 

processes, and their subsequent use in the selective oxidation of benzyl alcohol to 

benzaldehyde. The complete physico-chemical characterization of the materials 

attempts to correlate the results with a multitechnique characterization approach using 

XRD, UV-vis, XPS, SEM-EDX and BET measurements.  

 



2. Materials and Methods 

 

2.1.Preparation of the samples 

The graphitic carbon nitride (CN) was obtained by calcination of melamine (Aldrich), in 

a semiclosed system (to prevent sublimation) at 550 ◦C with a heating rate of 5 oC min-1 

during 6 h. The oxide incorporation was subsequently achieved by a simple 

mechanochemical method in a planetary ball mill under previous reported 

conditions.(Ouyang et al., 2016) The precursors zinc oxide (Acros Organic) and Iron 

(III) nitrate (Panreac) for ZnO/g-C3N4 (Zn/CN) and Fe2O3/g-C3N4 (Fe/CN) were used.  

For the Fe sample, propionic acid (Andrich) was added before the milling in order to 

promote the Fe2O3 structure.  Finally, the solids were thermally treated at 300 oC for 3h. 

The sample names were Zn/CN and Fe/CN for the composite samples with 20 and 25 % 

wt. (elemental data: standard error; 5 %) of ZnO and Fe2O3, respectively. 

 

2.2.Characterization techniques 

XRD profiles were obtained with a Bruker D8 DISCOVER A25 diffractometer (Bruker 

Corporation, Billerica, MA, USA) equipped with a vertical goniometer under theta-theta 

geometry using Ni filtered Cu Kα (λ = 1.5418 Å) radiation and operated at 40 KeV and 

40 mA. Wide angle scanning patterns were collected from 10 o to 80 o with a step size of 

0.01 o and counting time of 500 s per step. UV–vis diffuse-reflectance spectroscopy 

experiments were performed on a spectrophotometer Jasco V-570 (JASCO international 

Co., Ltd., Hachioji, Tokyo, Japan) equipped with an integrating sphere. The 

Brunauer−Emmett−Teller (BET) surface areas were determined by N2 physisorption 

using a Micromeritics ASAP 2020 automated system (Micromeritics Instrument 

Corporation, Norcross, GA, USA). Prior to adsorption measurements, samples were 



degassed under vacuum (0.1 Pa) for 4 h at 130 oC. Scanning electron microscopy 

images were recorded with a JEOL JSM-6300 scanning microscope (JEOL Ltd., 

Akishima, Tokyo, Japan) equipped with Energy-dispersive X-ray spectroscopy (EDX) 

at 20 kV. An Au/Pd coating was employed to analyze samples on a high-resolution 

sputtering SC7640 instrument (Quorum Technologies Ltd., Lewes, England, UK) (up to 

7 nm thickness) at a sputtering rate of 1.5 kV per minute. XPS data were recorded using 

a VG Scientific photoelectron spectrometer ESCALAB-210 (Thermo Scientific, 

Waltham, MA, USA) with Al Kα radiation (1486.6 eV) from an X-ray source, operating 

at 15 kV and 20 mA. Survey spectra in the energy range from 0 to 1350 eV with 0.4 eV 

step were recorded for all the samples. High resolution spectra were recorded with 0.1 

eV step, 100 ms dwell time and 25 eV pass energy. Curve fitting was carried out using 

the CasaXPS software (Casa Software Ltd., Cheshire, England, UK) using C 1s as 

energy reference (284.6 eV). Surface chemical contributions were estimated from XP-

spectra, by calculating the integral of each peak after subtraction of the “S-shaped” 

Shirley-type background using the appropriate experimental sensitivity factors.  

 

2.3.Photo-catalytic experiments 

Photoxidation of benzyl alcohol experiments were carried out in a Pyrex cylindrical 

double-wall immersion well reactor equipped with medium pressure 125 W mercury 

lamp (λ = 365 nm), which was supplied by Photochemical Reactors Ltd. UK (Model 

RQ 3010), (Reading, UK). The distance between the light source and reaction media 

was ca. 10 nm and irradiance of the light source reached 1845.6 W/m2. Magnetic 

stirring with a speed of 1100 rpm was used in the batch reactor to obtain an 

homogenous suspension of the photocatalysts. Reaction temperature was fixed at 30 oC. 

A solution of 1.5 mM benzyl alcohol (Sigma-Aldrich Inc., St. Louis, MO, USA) was 



prepared in acetonitrile (Sigma-Aldrich Inc., St. Louis, MO, USA) medium. 

Experiments were carried out using 150 mL of the mother solution and 1 g/L of catalyst 

concentration for 4 h under UV light and air bubbling conditions (25 mL/min). In order 

to equilibrate the adsorption-desorption over the photocatalyst surface, the reaction 

solution was left in the dark for 30 min before each reaction. 

Samples were periodically taken (ca. 1 mL) from the photoreactor at different times and 

filtered off (0.20 nm, 25 mm, nylon filters). The concentration of model compound was 

determined by a high performance liquid chromatography (HPLC, Waters Model 590 

pump) (Waters Limited, Hertfordshire, UK) equipped with a dual absorbance detector 

(Waters 2487) and the SunFire™ C18 (3.5 nm, 150 mm length, 4.6 mm inner diameter) 

column provided byWaters. The mobile phase was Milli-Q water/acetonitrile/methanol 

in the volumetric ratio of 77.5:20:2.5 with 0.1% of H3PO4 (Sigma-Aldrich Inc., St. 

Louis, MO, USA). We used isocratic elution at a flow rate of 1 mL/min. The injection 

volume was 10 mL. TiO2 P25 (Evonik Industries AG, Essen, Germany) were used as 

reference. Carbon balance above 96% was obtained in all experiments. 

 

3. Results and Discussion 

3.1.Characterization results 

Figure 1 shows the XRD spectra of the two samples studied and the CN reference. The 

characteristic structure of the CN nanomaterial can be observed. It showed two peaks 

(13.25 and 27 degrees). The most intense peak is commonly associated to the interlayer-

stacking structure (002). On the other hand, the other minor peak is attributed to (100) 

interlayer reflection.(Fontelles-Carceller et al., 2016) The composite samples showed 

significant differences related to the degree of crystallinity. The Zn/CN composite 

sample showed a very crystallized structure with sharp peaks that can be associated with 



the ZnO compound. In addition to the peaks related to the CN structure, the existence of 

the zincite ZnO phase (JCPDS 36-1451) was detected.(Boyle et al., 2002) On the other 

hand, it was observed that iron component show an structure dominated for an 

amorphous phase.  

According to the summarized data presented in Table 1, the CN reference showed a 

relatively low surface area value (10 m2 g-1). This value was not modified when the ZnO 

component was introduced in the structure. Besides, a marked increase with respect to 

the active CN support was observed for the Fe/CN sample.  

The optical properties of the samples were analyzed with UV–vis spectroscopy. Figure 

2 shows the spectra for the two composite samples and the CN reference. The CN 

showed a band gap energy of 2.7 eV, in accordance with literature reports.(Mamba and 

Mishra, 2016a) Figure 2 shows that the spectra of Zn/CN sample presented a very 

similar profile to the pure CN reference. According to this information, it can be 

considered that the optical properties of the composite material Zn/CN were defined by 

the CN component (sharp absorption edge at 450 nm), leading to similar band gap 

values, which were reported in the second column of Table 1. In addition, the existence 

of the strong absorption edge near 575 nm for the Fe/CN and Band Gap of 1.3 eV were 

attributed to the band-gap energy absorption of the Fe component in the structure.  

The structure of the samples was also studied using XPS. Figure 3 presents the results 

for carbon C1s (A) and nitrogen N1s (B) regions for the two composite samples, as well 

as the zinc Zn 2p (C) and iron Fe 2p (D) regions for the Zn/CN and Fe/CN samples, 

respectively. For the C 1s (Figure 3A), the contributions associated with the C-C bond 

(284.6 eV), C3-N (286.2 eV) and N-C-N (288.0 eV) were detected.(Dong et al., 2014; 

Miranda et al., 2013; Muñoz-Batista et al., 2015a) All contributions, were associated 

with the CN structure. In addition, the latter two were also detected in the N 1s region 



(Figure 3B). C3-N (399.6 eV) and N-C-N (398. eV). Additionally, in this region the 

component N-H at 400.9 eV and the typical contribution of CN Pi-exc at 404.5 eV were 

detected. (Dong et al., 2014; Miranda et al., 2013; Muñoz-Batista et al., 2015a) No 

significant differences were observed between the two composite samples concerning 

the structure of the CN.  Both the energy and the distances between the contributions 

remained essentially constant, indicating that the CN structure was stable during the 

synthesis process. The XPS study also gave information about the Zn and Fe 

components. The energy values for the Zn 2p (1021.5 eV) and Fe 2p (710.6 eV) regions 

confirmed the presence of ZnO and Fe2O3 in the Zn/CN and Fe/CN samples, 

respectively.(Wanger et al., 1979) Finally, a very low surface concentration of the oxide 

component for the Zn/CN sample was observed in Figure 3 (C and D), although both 

had a similar ZnO or Fe2O3 content. 

The characterization of the samples was completed using SEM. Figure 4A (Zn/CN 

sample) shows a highly crystallized particle, a big crystallized structure corresponding 

to CN, recovered of some crystals corresponding to ZnO particles. The information 

enclosed in the mapping indicates that a significant part of ZnO was heterogeneously 

distributed in the CN structure (Figure 4B). On the other hand, the Fe/CN image (Figure 

4B) showed a particle which according to the EDX-mapping analysis (Figure 4D), was 

covered with smaller particles of Fe2O3.   

 

3.2.Catalytic results  

Figure 5 shows the conversion and selectivity to benzaldehyde results of CN reference 

and composite samples. Figure 5 also includes the conversion and selectivity observable 

when P25 commercial catalyst was tested. The CN reference showed no activity during 

the oxidation of benzyl alcohol. Focusing on the synthesized composite samples, it can 



be observed that the structure modification of the CN with ZnO and Fe2O3 caused an 

increase in the activity. particularly, this increase was marked for the Fe/CN sample. 

The maximum conversion was obtained for the Fe/CN (20 %), presenting an 

enhancement ratio with respect to the Zn/CN of 2. Amorphous structures have usually 

displayed low activity, which was attributed to low carrier mobilities, resulting in 

inefficient photocatalysis.(Kakuta and Abe, 2009) However, previous studies reported 

that amorphous TiO2 or Fe2O3 showed very similar activity compared to the fully 

crystallized phase. (Augugliaro et al., 2008; Kakuta and Abe, 2009; Li et al., 2007) 

Figure 5 shows that both Zn/CN and Fe/CN samples led to an enhancement of the 

selectivity to partial oxidation product of benzyl alcohol. The other reaction product 

(not shown in the Figure 5) corresponded to the complete mineralization of the alcohol 

(CO2). The production of the total oxidation product requires a significantly larger 

number of charge carriers and energetic photons,(Bertolini et al., 2018) which are likely 

less available in the amorphous Fe/CN composite sample. This could partially explain 

the selectivity data; 70% benzaldehyde selectivity for Fe/CN sample. Beside the 

crystallinity factor, the composite samples showed significant differences concerning 

the oxide surface concentration obtained by XPS. Figure 6 shows the conversion and 

selectivity to benzaldehyde as function of the fraction M/(C + N) with the aim of 

visualizing these differences. M represents the concentration of the metallic component 

(Zn or Fe). The conversion and selectivity data, as well as the fraction obtained, were 

normalized to ease the visualization of the differences between samples. Figure 6 

showed very strong correlation in the behavior of the conversion and selectivity. The 

Zn/CN sample presented an extremely low surface concentration of ZnO, which 

together with the heterogeneity of high crystalized structure (detected by SEM-EDX 

mapping and XRD studies) caused a relatively low activity and selectivity. On the other 



hand, a high surface concentration of the homogenously distributed amorphous Fe 

component resulted in an enhancement of the conversion and selectively to 

benzaldehyde. The similar trends showed in Figure 6 indicated that maximum activity 

and benzaldehyde selectivity could be associated also with the maximum surface 

concentration of the metal compound. This enhancement of the benzaldehyde 

selectively was achieved by maintaining a relatively high level of activity compared 

with the P25 commercial photocatalyst which generally shows good results for a large 

number of reactions. 

 

4. Conclusions 

Binary composite samples of ZnO or Fe2O3 in contact with the organic semiconductor 

g-C3N4 were synthesized using a simple one-pot mechanochemical method. The 

inclusion of oxides phases led to semiconductors with catalytic activity during the 

oxidation of benzyl alcohol. The obtained results suggested that different parameters 

affected the activity and benzaldehyde selectivity. The best activity and selectivity 

results were obtained for the composite system with g-C3N4 and the amorphous Fe2O3 

component. The amorphous structure could be modifying the charge handling of g-

C3N4, limiting the CO2 photo-production due to the complete mineralization of the 

alcohol. On the other hand, SEM and XPS clearly indicated that the enhancement of the 

activity and selectivity to benzaldehyde was associated with the concentration of the 

metal component on the surface, as well as with the homogeneity in the structure. 
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Tables 

Table 1. BET surface area and Band Gap of the samples.a 

Sample BET surface area (m2/g) Band Gap (eV) 

CN 10 2.7 

Zn/CN 10 2.7 

Fe/CN 27 1.3 

a Standard error. BET surface area: 1.5 m2/g. Band Gap: 0.05 eV  

  



Figure Captions 

Figure 1. XRD spectra of CN, Zn/CN and Fe/CN samples. 

Figure 2. UV-vis spectra of CN, Zn/CN and Fe/CN samples. 

Figure 3. (A) C 1s, (B) Ni 1s, (C) Zn 2p and (D) Fe 2p XPS spectra of the samples.   

Figure 4. SEM images and mapping analysis: (A) and (B) Zn/CN sample. (C) and (D) Fe/CN 

sample. 

Figure 5. Conversion and Benzaldehyde selectivity of the samples and references.  

Figure 6.  Conversion and benzaldehyde (Bz) selectivity as a function of the Metal (M) fraction 

detected by XPS. 
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Figure 1. XRD spectra of CN, Zn/CN and Fe/CN samples. 
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Figure 2. UV-vis spectra of CN, Zn/CN and Fe/CN samples. 
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Figure 3. (A) C 1s, (B) Ni 1s, (C) Zn 2p and (D) Fe 2p XPS spectra of the samples.    



 

 

 

Figure 4. SEM images and mapping analysis: (A) and (B) Zn/CN sample. (C) and (D) Fe/CN 

sample. 
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Figure 5. Conversion and Benzaldehyde selectivity of the samples and references.  
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Figure 6.  Conversion and benzaldehyde (Bz) selectivity as a function of the Metal (M) fraction 

detected by XPS. 
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