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Abstract 

This manuscript reports the synergic effect for overall water splitting of N-doped defective graphenes 

obtained from the pyrolysis of biomass wastes, upon deposition at 1 wt% of Al-doped SrTiO3 containing 

RhCrOx nanoparticles (RhCrOx/STO:Al) as co-catalyst, exhibiting a photocatalytic activity of 153 mmol 

of H2 per g of total photocatalyst and 74 mmol/g of O2 at 24 h irradiation with UV-Vis light reaching an 

incident photon to hydrogen efficiency of 0.67 % at 360 nm. This hybrid N-doped defective graphene-

RhCrOx/STO:Al photocatalyst was stable in 4 consecutive photocatalytic runs. The obtained results 

indicate that just a small amount of RhCrOx/STO:Al acting as co-catalysts supported on N-doped 

defective graphene is sufficient to enhance significantly its photocatalytic activity, making N-doped 

graphene suitable for overall splitting. 
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1. Introduction 

Photocatalytic water splitting has been proposed as one of the potential approaches for sustainable and 

clean hydrocarbon production, since this process aims at the direct conversion of solar energy into 

chemical energy in the form of H2 to be used as energy vector.  As depicted in Scheme 1 in the 

photocatalytic water splitting, simultaneous oxidation and reduction taking place upon irradiation of a 

photocatalyst. The photocatalytic overall H2O splitting into H2 and O2 (see Equations 1-4) was first 

reported by Fujishima and Honda using TiO2 photoelectrodes.[1] Since then, a large variety of 

semiconductor materials have been explored as photocatalysts, including SrTiO3, CdS, BiVO4, C3N4 and 

defective graphenes, among others.[2, 3] Although a considerable progress has been made in this area, 

semiconductor-based photocatalysts have not yet achieved production yields high enough to implement 

this technology commercially, there being still necessary to further improve the photocatalytic 

efficiency. In most cases, the poor efficiency is a consequence of the wide bandgap and fast 

recombination kinetics of typical semiconductor oxides.[4-6] Among the various strategies to minimize 

these drawbacks one of the most efficient methodologies is the formation of heterojunctions by 

contacting two or more components, obtaining hybrid structures that favor charge separation.[7-10] In a 

relevant example for the present study, Domen and co-workers have recently reported an outstanding 

photocatalytic activity for overall water splitting using Al-doped SrTiO3 (STO) semiconductor 

containing Rh and Cr mixed oxide nanoparticles (NPs).[11, 12]  

ℎ𝑣 
𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→           𝑒− + ℎ+                                                    Equation 1 

4H+ + 4𝑒−  →  2𝐻2                                                              Equation 2 

2𝐻2𝑂 + 4ℎ
+  →  𝑂2 + 4𝐻

+                                                 Equation 3 
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2𝐻2𝑂 → 2𝐻2 + 𝑂2                                                             Equation 4 

 

 

Scheme 1. Fundamental steps in photocatalytic water splitting. 

Graphene, a one atom thick 2D sheet of an indefinite number of sp2-hybridized carbon atoms in 

hexagonal arrangement, has recently received considerable attention as absorbent and catalyst due to its 

unique physical and chemical properties such as high specific surface area, large electrical conductivity, 

photochemical stability and strong interaction with adsorbed nanoparticles, among others.[13-15] 

Although most of the reports in photocatalysis use minor proportions of graphene as additive observing 

an increase in the photocatalytic activity of semiconductor in contact to it,[16-19] more recent findings 

have shown it that defective graphenes such as graphene oxide, reduced graphene oxide and doped 

graphenes, possess intrinsic photocatalytic activity towards the water splitting as consequence of the 

transformation of the graphene sheet from conducting to semiconducting caused by the presence of 

“defects” such as carbon vacancies, holes or heteroatoms, including O or N, among other 

possibilities.[20-23] It is well stablished, for instance, that the introduction of some oxygenated 

functional groups in graphene can transform the characteristic sp2 carbons into sp3, as soon as the 

oxygen content becomes larger, higher interaction between conductive sp2 and non-conductive sp3 

domains takes place, leading to the formation of a band gap. Thus, graphene band gap opening by 

doping with heteroatoms and promoting defects has been found a very suitable method, among others, to 

convert metallic graphene into a semiconductor. In this regard, the intrinsic photocatalytic activity for 

water splitting of defective graphenes obtained from the pyrolysis of biomass wastes, containing in their 

composition O and N atoms among other defects, has recently reported.[24, 25] Moreover, it was 

observed that the presence of small amounts of metal or metal oxide NPs greatly improves the 

photocatalytic performance of these defective graphenes for the overall water splitting in the absence of 

sacrificial agents.[26, 27] 

Considering that STO and doped graphenes are among the most efficient photocatalysts for overall water 

splitting reported so far and the well-stablished synergy of heterojunctions, it appears of interest to 

determine the photocatalytic activity of a hybrid material combining both components. This work 

provides a comparison of the photocatalytic activity for overall water splitting of three defective 

graphenes of different origin and compositions that have been decorated with Al-doped STO modified 

by RhCrOx NPs (RhCrOx/STO:Al) as co-catalyst. It will be demonstrated that the addition of small 

weight percentages of RhCrOx/STO:Al to the different graphenes promotes the photocatalytic overall 

water splitting and that the defect concentration on the graphene sheet and its nature play an important 

role in the observed photocatalytic activity. 



2. Experimental 

2.1. Materials and Procedures:  

 

2.1.1. Preparation of G and N-G 

While comG was purchased from Strem Chemicals, G and N-G were obtained by pyrolysis at 900 oC 

under Ar in a horizontal electrical furnace using alginic acid or chitosan as precursors, following 

reported procedures.  In previous reference[28] more details can be found. 

 

2.1.2. Preparation of Al-doped SrTiO3 powder loaded with RhCrOx  

The preparation of Al-doped SrTiO3 (STO:Al) was performed using a flux method previously reported 

by Chiang et al.[11] Briefly, SrTiO3 (Sigma), Al2O3 (Sigma) and SrCl2 (Sigma, 99.99%, anhydrous) were 

mixed in a molar proportion of 1:0.02:10 using an agate mortar. Once the mixture was completely 

homogenized, it was placed into an alumina crucible and calcined under air at 1150 ºC for 10 h at a 

heating rate of 5ºC/min. The obtained solid was washed with distilled water to remove SrCl2 and soluble 

impurities and the sample was dried at 40 ºC overnight. 

The STO:Al powder was loaded with a mixed oxide of Rh and Cr (RhCrOx) at 1%wt by the 

impregnation method, as previously reported. RhCl3·xH2O (Aldrich) and Cr(NO3)3·9H2O (Sigma) were 

used as metal precursors. The STO:Al powder was dispersed in the minimum volume of water and an 

aqueous solution containing the proper amount of Rh and Cr precursors was added dropwise under 

continuous stirring at a 55ºC. After evaporating to dryness, the solid was calcined in air at 350 ºC for 1 h. 

 

2.1.3. Preparation of RhCrOx/STO:Al-loaded graphene (RhCrOx/STO:Al/G) 

RhCrOx/STO:Al was loaded onto three graphene samples by the impregnation method. Briefly, the 

graphene sample was dispersed in the minimum volume of water (100 mg/5 mL) using a tip sonicator 

(750 W) for 1 h.  An aqueous solution of RhCrOx/STO:Al with different loadings (0.5-10 mg in 20 mL) 

was added dropwise to the graphene suspension under continuous stirring. The mixture was heated at 55 

ºC in order to slowly evaporate the water. After finishing the impregnation of graphene with the 

RhCrOx/STO:Al, the obtained solid was exhaustively washed with milliQ water and dried. 

This was the general procedure to prepare samples of RhCrOx/STO:Al loaded onto three different 

graphenes:  graphene obtained from chitosan (RhCrOx/STO:Al/N-G), graphene from alginic acid 

(RhCrOx/STO:Al/G) and commercial graphene (RhCrOx/STO:Al/comG) from Strem Chemicals. 

 

2.2. Characterization:  

 

The amount of metals present in the samples was determined by inductively coupled plasma-optical 

emission spectrometry (ICP-OES) by dissolving the photocatalyst with aqua regia and analyzing the 

resulting solution. 

Raman spectra were recorded with a Horiba Jobin Yvon-Labram HR UV-Visible-NIR (200-1600 nm) 

Raman Microscope Spectrophotometer, using a 512 nm laser as the excitation source. Raman spectra 

were obtained averaging 10 scans at a resolution of 2 cm-1.  

HRTEM images were recorded in a JEOL JEM 2100F under 200 kV accelerating voltage. Samples were 

prepared by casting one drop of the suspended material in ethanol onto a carbon-coated copper TEM 

grid, and allowing it to dry at room temperature. 

Diffuse reflectance UV-vis spectra in the range of 200-800 were recorded on a Cary 5000 

spectrophotometer from Varian.  

 

2.3. Photocatalytic tests:  
 

Photocatalytic experiments were performed using a 51 mL volume cylindric quartz reactor. The 

photocatalyst was dispersed in 25 mL of ultrapure water (1 mg/mL) with an ultrasonicator. After that, it 



was introduced in the reactor and the atmosphere was purged with an argon flow for 15 minutes. The 

reactor was irradiated using a 300 W Xe lamp and the temperature of the reactant solution was 

maintained at 25ºC by a coupled cooling system. The produced gases were analyzed using an Agilent 

MicroGC equipped with a Molsieve 5A column and a TCD detector with argon as the carrier gas. 

Values of apparent quantum yield (AQY) were determined under irradiation with a 150 W Xe lamp 

equipped with a Czerny Turner monochromator. AQY values were calculated using this Equation 5 

 

𝐴𝑄𝑌 = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑥 2

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
                                          Equation 5 

 

2.4. Photocurrent measurements:  

 

Photocurrent experiments were performed by preparing FTO electrodes with the different samples under 

study. The samples, a Pt electrode and a saturated Ag/AgCl electrode acted as working electrode, counter 

electrode and reference electrode, respectively. 1M aqueous solution of LiClO4 was used as electrolyte. 

A 300 W Xe lamp was used as irradiation source. The photocurrent was determined at different light 

intensities which were measured with a calibrated photodiode. 

 

2.5. Transient absorption measurements:  
 

Transient absorption spectra were recorded using the forth harmonic of a Q switched Nd:YAG laser 

(Quantel Brilliant, 266 nm, 15 mJ/pulse, 7 ns fwhm) coupled to a mLFP-122 Luzchem miniaturized 

detection equipment. This transient absorption spectrometer includes a 300 W ceramic xenon lamp, 125 

mm monochromator, Tektronix TDS-2001C digitizer, compact photomultiplier and power supply, cell 

holder and fiber-optic connectors, computer interfaces, and a software package developed in the 

LabVIEW environment from National Instruments. The laser flash generates a 5 V trigger pulses with 

programmable frequency and delay. The rise time of the detector/digitizer is  ̴3 ns up to 300 MHz (2.5 

GHz sampling). The monitoring beam is provided by a ceramic xenon lamp and delivered through fiber-

optic cable. The laser pulse is probed by a fiber that synchronizes the photomultiplier detection system 

with the digitizer operating in the pretrigger mode. 

 

3. Results and discussion 

3.1. Photocatalyst preparation and characterization 
 

Photocatalysts were composed by three different graphenes and the doped semiconductor 

RhCrOx/STO:Al. Their preparation is illustrated in Scheme 2 and described in detail in the Experimental 

Section. In brief, chitosan and alginic acid were pyrolized at 900 oC under Ar atmosphere to obtain two 

defective graphenes containing (N-G) 7.4 wt% N or not (G) dopant nitrogen, respectively. The 

RhCrOx/STO:Al co-catalyst was prepared separately, as reported before.[11] In the first step, 

commercial SrTiO3, Al2O3 and SrCl2 powders at a 1:0.02:10 molar ratio were mixed and molten at 1100 
oC to obtain STO:Al. Then, Rh and Cr salts were deposited on STO:Al by incipient wetness 

impregnation[11] and the resulting composite calcined in air at 350 0C. Finally, the as-prepared 

RhCrOx/STO:Al particles were adsorbed on N-G, G and a commercial graphene sample (comG), and the 

hybrid composites exhaustively washed to remove loosely adhered inorganic particles. Thus, following 

this procedure, three samples having small amounts of RhCrOx/STO:Al dispersed on the different 

graphenes (RhCrOx/STO:Al/N-G, RhCrOx/STO:Al/G, RhCrOx/STO:Al/comG) were prepared. Table 1 

summarized the origin and the main analytical data of the samples under study. 



 

Scheme 2. RhCrOx/STO:Al/N-G photocatalysts preparation method. (a) N-G obtained from chitosan 

pyrolisis, (b) Al:STO preparation upon molten salts at 1150 OC and subsequent washing, filtration and 

drying steps, (c) Al:STO impregnation with Cr and Rh salts and calcination at 350 OC, (d) 

RhCrOx/STO:Al impregnation on the previously prepared N-G and final photocatalyst washing, 

filtration and drying steps. 

Table 1. Origin of the employed graphene and main analytical data obtained from combustion elemental 

analysis and ICP-OES of the samples under study. 

Samples 
Graphene 

origin 

Elemental analysis 

(wt%) 
ICP-OES (wt%) 

C O N RhrOx/STO:Al Rh Cr 

RhCrOx/STO:Al/N-G Chitosan 84.30 8.27 6.43 1 0.004 0.004 

RhCrOx/STO:Al/G Alginic acid 88.76 9.28 0.96 1 0.004 0.004 

RhCrOx/STO:AlcomG Commercial 85.32 13.68 - 1 0.004 0.004 

 

The Raman spectra of N-G and G samples are shown in Fig. 1. As can be observed, two prominent 

peaks corresponding to the characteristic G and D bands observed in defective graphenes were recorded 

in the three samples at 1590 and 1350 cm-1, respectively. In comparison, comG shows G and D peaks at 

the same position, but with remarkable narrow width. In addition, while G and N-G samples present a 

broad band between 2500 and 3200 cm-1 corresponding to a distribution of few and multilayer 

configuration, comG presents again a narrow peak centered at 2700 cm-1 attributable to the 2D band. All 

these Raman features are indicating that comG sample contains significantly lesser defects and is 

constituted mainly by few-layers graphene, while G and N-G samples contain higher defect density and 

have a multi-layer configuration.  



 

Fig. 1. Raman spectra of G (black), N-G (red) and comG (blue). Laser excitation 514 nm. 

 
The percentage of heteroatoms on the graphene samples was quantified by combustion elemental 

analysis and the results are summarized in Table 1. The most salient feature of these analytical data is 

that all the three graphene samples contain O in its composition in similar percentage for N-G and G and 

larger proportion for comG. In accordance with reported data and the origin of the graphene, only N-G 

presents in its composition a notable N content, being this element in low or negligible proportion in the 

composition of G and comG, respectively.  

For the RhCrOx/STO:Al co-catalyst ICP-OES analysis confirmed the presence of Rh, Cr, Sr, Ti and Al, 

in a percentage of  0.4 wt% for Rh and Cr and 0.005 wt% of Al.  Moreover, the final loading of 

RhCrOx/STO:Al on the three graphenes determined also by the ICP-OES analysis, was in accordance 

with the almost complete adsorption of RhCrOx/STO:Al on the graphene samples during the deposition 

step, reaching a loading for the three samples of 1 wt% approximately. 

All samples exhibit in TEM the characteristic 2D morphology of graphenes exhibiting sheets of 

micrometric size light contrast and wrinkles. These sheets have in contact smaller submicrometric and 

thicker particles of RhCrOx/STO:Al. To illustrate these observations, Fig. 2 shows a representative 

HRTEM image of N-G containing 1 wt% of RhCrOx/STO:Al and  the corresponding elemental mapping 

obtained from EDS elemental analysis. 



Fig. 2. HRTEM of 1 wt% RhCrOx/STO:Al NPs loaded N-G (a) and elemental analysis for the individual 

elements (frames c-h) by EDS and overlay (b). 

In Fig. 2 (a) a graphene sheet can be clearly distinguished with the characteristic laminar morphology 

exhibiting light contrast and wrinkles indicating the flexibility of the sheet due to its few layers 

configuration. The average size of these sheets is about 2 µm. The image also shows the presence of 

RhCrOx/STO:Al particles either on top of the graphene sheets or in close contact characterized by a 

darker contrast than N-G due to the higher atomic weight of its elements. The particle size distribution of 

RhCrOx/STO:Al particles appears to be wide, ranging from 100 to 800 nm.  

Mapping the different elements detected in the sample observed by HRTEM at submicrometric 

resolution was performed by EDS. Fig. 2 also presents the corresponding element distribution over the 

sample for the individual elements and their overlay. This mapping confirms that the 2D particle is 

composed by C, therefore corresponding to graphene, while the darker particles correspond to 

RhCrOx/STO:Al. Moreover, EDS was able to detect in the samples the presence of Al, Cr and Rh that 

are in very low proportion acting as dopant elements in RhCrOx/STO:Al. EDS data are, therefore,  in 

general agreement with ICP-OES analysis and with the homogeneous distribution of this metal oxide 

dopants over the SrTiO3 particles.  

2.2. Photocatalytic tests 

 
The photocatalytic activity towards overall water splitting upon UV-Vis irradiation with a 300 W Xe 

lamp was tested by dispersing 25 mg of the different samples (RhCrOx/STO:Al/G, RhCrOx/STO:Al/N-G 

and RhCrOx/STO:Al/comG) in MilliQ-water at 1 mg/mL, purging exhaustively with Ar before 

irradiation. Analysis of the gases was performed by connecting directly the photoreactor to a micro-GC 

with two columns (Molsieve 5A and PPQ) and TC detectors that allow to monitor and quantify H2, O2, 

N2, CO2, CO and < C3 hydrocarbons. Gas evolution from aqueous dispersions of the three different 

hybrid composites over the irradiation time is shown in Fig. 3 (a). Note that no sacrificial electron donor 

was used in these experiments. Control experiments using N-G, G and comG as photocatalysts in the 

absence of RhCrOx/STO:Al were carried out for overall water splitting. Under these conditions, the 

observed H2 as O2 evolution at 24 h was in the detection limit of our micro-GC corresponding to H2 

values about 5 magnitude orders lower than the amount observed when RhCrOx/STO:Al co-catalyst is 

loaded on the different graphenes. Similarly, another control experiment using as photocatalyst the 

amount of RhCrOx/STO:Al present in the hybrid graphenic composites (0.2 mg) did not allow to detect 

the presence of H2 or O2. Additional control experiments in the absence of light, by covering the 



photoreactor with aluminum foil while the light was on, were also carried out using the different 

photocatalysts, but undetectable H2 and O2 amounts were found, meaning that H2 and O2 evolution 

requires irradiation of the photocatalysts to occur. 

a) b)  

Fig. 3. (a)Temporal evolution of H2 (squares) and O2 (dots) in mmol per total photocatalyst mass for 

RhCrOx/STO:Al/G (red), RhCrOx/STO:Al/N-G (black) and RhCrOx/STO:Al/comG (blue) upon 

irradiation with a 300 w Xe lamp. (b) Photocurrent measurements of electrodes prepared by depositing 

RhCrOx/STO:Al/ G (red), RhCrOx/STO:Al/N-G (black) and RhCrOx/STO:Al/comG (blue) 

photocatalysts on FTO (1.5 x 1 cm2). Electrolyte: 1M LiClO4 aqueous solution. Eight consecutive cycles 

of 60 s were carried out switching on and off UV-Vis light from a Xe lamp at 1113 W/m2 irradiation 

while photocurrent values were acquired. 

As can be observed in Fig. 3 (a), only the hybrid samples based on defective graphenes 

(RhCrOx/STO:Al/G and RhCrOx/STO:Al/ N-G) showed photocatalytic activity towards water splitting, 

observing the simultaneous evolution of O2 and H2 in stoichiometric amounts according to Equation 4. 

In contrast, the sample based on comG presented negligible photocatalytic activity for water splitting 

under the present conditions. These results are in good agreement with some precedents in the literature 

showing that the photocatalytic activity in defective graphenes arises from the presence of doping 

elements and lattice defects that convert them into semiconductor materials, being ideal graphene 

(containing negligible or a very low defects concentration) photocatalytically inactive or exhibiting 

much lowerphotocatalytic activity.[20, 29]  

The photocatalytic activity order shown in Fig. 3 can be easier rationalized based on the compositional 

differences between the different graphenes, being N-G the one with the highest N content in the 

graphenic structure, much higher than that of G, while no N in present in comG. Thus, the H2 and O2 

production after 24 h reaction using RhCrOx/STO:Al/N-G as photocatalyst was of 153.6 mmol/g and 

72.4 mmol/g, respectively. Although still notably active, lower amounts of H2 and O2, 134.2 and 53.7 

mmol/g, respectively, were measured at 24 h when RhCrOx/STO:Al/G was used under the same reaction 

conditions. Previous reports have described the H2 evolution from water using N- and P-doped 

graphenes as photocatalysts in the presence of sacrificial electron donors (MeOH, triethanoamine 

(TEOA), etc.) [24, 25]. It was demonstrated that the H2 production was affected by the concentration of 

heteroatoms in the graphene. Overall our results are in good agreement with the related reported data in 

the sense of the beneficial influence of N for the photocatalytic activity. These experimental data are also 

in accordance with theoretical calculations that have proposed that the bandgap opening increases with 

the loading of N up to a certain value about 8 wt%. Calculations predict that no much influence of 

further additional N atom loading should be reflected on the bandgap beyond this value.[30] According 

to these theoretical calculations, it is in the range from 0 to about 8 wt% where remarkable differences in 

the photocatalytic activity of the N-doped graphenes should be expected and the present results with 

three graphene samples with a range of N content are in nice agreement with these predictions. 



Regarding the important role of RhCrOx/STO:Al, it should be reminded that both components 

independently either do not exhibit photocatalytic activity (case of RhCrOx/STO:Al) or it is very minor 

(case of N-G) at the present conditions. Therefore, considering the low weight percent of 

RhCrOx/STO:Al in the samples under study it is proposed that the RhCrOx/STO:Al role is to act as co-

catalysts favoring charge separation and gas evolution. It is well-established that co-catalysts have a 

remarkable effect at low loadings as it is the present case. 

To determine the photoresponse of the three samples, photocurrent measurements were carried out. 

Three different photoelectrodes were fabricated depositing identical amounts of the photocatalysts on 

transparent fluor-doped tin oxide (FTO) transparent electrode. The photoelectrode fabrication procedure 

is described in the experimental section in Supplementary Information. The results of the photoresponse 

measurements are presented in Fig. 3 (b). 

The photocurrent measured for the three samples follows the same trend that the photocatalytic activity 

showed in Fig. 3 (a). Although all the photoelectrodes presented a notable stability after eight 

consecutive cycles, the temporal profiles present significant differences depending on the photocatalyst. 

In the case of RhCrOx/STO:Al/N-G a built up of charge indicative of a capacitative accumulation of 

charges in the film was observed. This behavior is associated with a large charge carrier density with 

limited mobility in the layer associated to lower electrical conductivity. Thus, while 

RhCrOx/STO:Al/comG, presenting the lowest photocurrent, reached the maximum current value in a 

very short period of time indicating high electrical conductivity, RhCrOx/STO:Al/N-G, which exhibits 

the higher photoresponse, presents a gradual current growth over the time, achieving under our cycling 

conditions the maximum current value at the moment the light was going to be switched off (100 s). 

From this point, the current decrease was also not instantaneous, but gradual. In this way, upon 

photoelectrode irradiation a build up of charge carriers with low mobility is taking place, and, the current 

flow increases gradually with the potential of the electrode during the irradiation period. When the light 

is switched off, the opposite behavior, i.e., the capacitor discharge occurs prolonging the current long 

after the light was off. Since all photoelectrodes were prepared under identical conditions, this 

capacitative behavior can be attributed to the intrinsic electrical properties of RhCrOx/STO:Al/N-G film 

that are more remarkable than those of the other two samples, reflecting again the influence of the N 

content on the photoelectrochemical performance of the hybrid material. 

3.3. Mechanism. 

 
To gain further understanding on the nature and lifetime of the photogenerated charge separation state 

transient absorption measurements in the microsecond time scale were carried out in Ar-purged 

acetonitrile dispersions of RhCrOx/STO:Al/N-G at 0.1 mg/ml, and compared the signal with those of 

independent RhCrOx/STO:Al and N-G samples as references. All samples were excited at 355 nm with 

the third harmonic of a Nd:YAG laser and the excited state decay kinetics was monitored at 440 nm. The 

results are presented in Fig.4. The excited state of RhCrOx/STO:Al exhibited the shortest lifetime 

decaying following  a single exponential kinetics with τ of 389 ns. On the other hand, the excited state 

decay of N-G can be fitted adequately to bi-exponential kinetics, showing a fast component with lifetime 

of 481 ns and a contribution of 80 % and a slow-component with lifetime of 3.41 µs. This bi-exponential 

kinetics monitored for N-doped graphene excited state agrees with reported studies in the literature.[31, 

32] The temporal profile of the signal corresponding to RhCrOx/STO:Al/N-G excited state exhibits 

notable differences respect to the two components exhibiting also a bi-exponential kinetics with a fast 

component of 345 ns accounting for 75 %, similarly to the one measured for N-G. However, the slow 

component showed remarkably a much extended lifetime of 22.06 µs. The overall signature of the 

RhCrOx/STO:Al/N-G transient state indicates, on one hand, that the the excited state of the composite is 

mainly localized on N-G. This is reasonable considering the much higher proportion of N-G over 

RhCrOx/STO:Al. In this way, the behavior of RhCrOx/STO:Al/N-G is in general terms similar to that of 

N-G. Also the transient absorption spectra of RhCrOx/STO:Al/N-G and N-G consisting in a continuous 

absorption all over the wavelength range are very similar for both materials and different from that of 



RhCrOx/STO:Al, measured at 1 µs and 200 ns, respectively. (Fig. 4 (ii)).  What is important from the 

photocatalytic activity point of view is that the lifetime of the slow component of the excited state of 

RhCrOx/STO:Al/N-G is much larger, providing spectroscopic evidence that when the RhCrOx/STO:Al 

acting as co-catalyst is supported on N-G the charge separation state become longer.  

i) ii)  

Fig. 4. Transient signal decays monitored at 440 nm (i) and spectra (ii) of RhCrOx/STO:Al/N-G (a), N-G 

(b) and RhCrOx/STO:Al (c). Excitation wavelength 355 nm. ii: Transient absorption spectra of 

RhCrOx/STO:Al/N-G (a) and N-G (b) acquired at 1 µs and transient absorption spectrum of 

RhCrOx/STO:Al (c) acquired at 200 ns. 

 
The influence of the RhCrOx/STO:Al loading on the photocatalystic activity was also studied.  To 

address this point, three additional samples of N-G containing different RhCrOx/STO:Al loadings from 

0.1 to 6.5 wt% were prepared and their photocatalytic activity measured. These results are in shown 

Fig.5 (a).  

a) b)  

Fig. 5. (a) H2 (squares) and O2 (dots) evolution using RhCrOx/STO:Al/ N-G as photocatalyst containing 

0.1 wt% (black), 0.2 wt% (red), 1 wt% (blue) and 6.5 wt% (green) RhCrOx/STO:Al loading. 

Photocatalysts were dispersed at 1mg/mL in Ar-purged MilliQ water (25 ml) by sonication and 

irradiated upon UV-Vis light from a Xe lamp (1113 W/m2). Total photocatalysts mass 25 mg. (b) 

Photocurrent measurements at different light intensities using the RhCrOx/STO:Al/N-G photocatalysts 

(1 wt% loading of RhCrOx/STO:Al) deposited on FTO: 1298 (black), 1790 (red) and 3341 (blue) W/m2. 

As it can be observed there, the photocatalytic activity of RhCrOx/STO:Al/N-G increased somewhat 

with the RhCrOx/STO:Al loading up to 1 wt%. Further increase in the RhCrOx/STO:Al loading on N-G 

produced a notable detrimental effect in the water splitting reaction, decreasing the activity for H2 
evolution over one order of magnitude when that loading was 6.5 wt%. The behavior shown in Fig. 5 (a) 

is typical for a mechanism in which RhCrOx/STO:Al is acting as co-catalyst, increasing the activity of 



N-G with loading up to the point in which most of the photogenerated charge carriers are being trapped 

by the co-catalyst. Beyond this point, higher co-catalyst loadings are detrimental due the promotion of 

charge recombination, screen effect as light absorption, aggregation and increase in the co-catalyst 

particle size, high surface coverage among other possible negative effects.  

On the other hand, in order to further investigate the role of the RhCrOx and Al dopants contained in the 

RhCrOx/STO:Al co-catalyst, an analogous hybrid sample was prepared impregnating plain STO on N-G 

at 1 wt% loading. Then, the photocatalytic activity of STO /N-G towards overall water splitting was 

investigated. After 24 h illumination in milli-Q water, the H2 and O2 amounts were below the Micro-GC 

detection limit, indicating that, in spite of the small amount of Rh, Cr and Al (0.004, 0.004 and 0.00005 

wt%, respectively), they have an important role in the activity of the RhCrOx/STO:Al/N-G 

photocatalyst. It has been previously reported that semiconductor doping is a convenient method to 

introduce mid- gap states in semiconductors that causes band gap decrease.[33] In the present case, the 

incorporation of Al and RhCrOx dopants produce a visual color change of STO from white to light 

orange, indicating a band gap reduction. Tauc plots of STO and RhCrOx/STO:Al obtained from their 

diffuse reflectance UV-Vis spectra confirm the STO band gap reduction from 3.3 to 3.08 eV upon 

semiconductor doping (see Fig. S1 in Supplementary Information). Moreover, when the photocatalytic 

activity of an aqueous STO/N-G dispersion was measured in the presence of triethanolamine (15 vol%.) 

as sacrificial electron donor, a H2 production rate of 34.2 mol/g·h was obtained, indicating that H2 

evolution (Equation 2) can still take place in the absence of the Al and RhCrOx dopants. However, the 

fact that STO/N-G did not promote overall water splitting indicates that the H2O oxidation (Equation 3) 

cannot occur in the absence of the Al and RhCrOx dopants.  Therefore, the dopants role in the 

RhCrOx/STO:Al/N-G co-catalyst appears to be the introduction of mid gap states in the STO 

semiconductor and the catalytic activity to promote the H2O oxidation reaction in RhCrOx/STO:Al co-

catalyst. These finding are in good agreement with the original repots in this modified perovskite as 

intrinsic photocatalyst. It should be remarked that the preparation of RhCrOx NPs directly adsorbed in 

N-doped defective graphene could not carried out since, as reported in the experimental section, the 

formation of these mixed metal oxides NPs take place upon Rh and Cr salts support impregnation and 

subsequent calcination at 350 OC in the presence of moisture. Needless to say that the direct grafting of 

these mixed metal oxides NPs on graphene cannot be accomplished due to graphene combustion under 

these aerobic conditions. 

To determine the possible positive contribution of direct photoexcitation of RhCrOx/STO:Al in the 

composite photocatalyst, the diffuse reflectance UV-Vis spectra of RhCrOx/STO:Al, N-G and 

RhCrOx/STO:Al/N-G, containing 1 wt% of the co-catalyst, were recorded. They are shown in Figure S2 

of Supplementary Information. As can be seen there, the absorption spectrum of RhCrOx/STO:Al/N-G 

appeared to be a sum of the N-G and RhCrOx/STO:Al spectra. It is worth commenting that, in spite of 

the small amount of RhCrOx/STO:Al deposited onto N-G, the prominent band between 280 and 380 nm 

corresponding to the doped inorganic semiconductor is clearly observed when this material is decorating 

the graphene sheets. This high contribution of light absorption by RhCrOx/STO:Al  in the UV region is 

also consequence of the low absorptivity of defective graphenes, ideal graphenes exhibiting a 

transmittance about 99 % of light in all the UV-Vis region. It is expected, however, that direct excitation 

of RhCrOx/STO:Al  should not contribute much to the overall photocatalytic activity under Xe lamp 

irradiation, since Xe lamp emission starts at 320 nm. The quantum yield of the three photocatalysts at 

360 nm was calculated based on the H2 produced irradiating with monochromatic light. The values 

obtained at this wavelength were 0.67, 0.17 and 0.03 % for RhCrOx/STO:Al/N-G, RhCrOx/STO:Al/G 

and RhCrOx/STO:Al/comG, respectively. These values are comparable to other incident photon to 

hydrogen conversions efficiencies reported in the literature for overall water splitting with stoichiometric 

generation of H2 and O2 and rank the present RhCrOx/STO:Al/N-G among the best photocatalysts for 

overall water splitting, particularly considering that 99 % of the material is based on defective graphene 

from biomass waste origin. To put the photocatalytic activity of RhCrOx/STO:Al/N-G into context, it 

should be reminded that carbon nitrides have not enough oxidation potential to perform water oxidation 

and that the vast majority of studies on the photocatalytic activity for hydrogen generation of graphenes 



employ sacrificial electron donors, and do not provide information of the activity for overall water 

splitting. 

In order to study the photoresponse of RhCrOx/STO:Al/N-G with the light intensity, photoelectrodes of 

RhCrOx/STO:Al/N-G supported on FTO were prepared and exposed to irradiation at different light 

intensities. The results are presented in Fig. 5 (b). The measured photocurrent in the RhCrOx/STO:Al/N-

G photoelectrodes increased with the irradiation power, although this current increase was not linear and 

as expected a saturation effect occurs. While the photocurrent increased proportionally when the light 

irradiation raised from 1298 to 1790 W/m2, further increase in the light intensity at 3341 W/m2 produced 

just a moderate photocurrent increase. Photocurrent saturation indicates that there is a limitation in the 

amount of charge carriers that can be generated in a material and once a large percentage of this 

maximum amount of carriers has been generated, further, light intensity does not produce additional 

effect. In addition, the photoresponse shown in Fig. 5 (b) confirms the stability of the photoelectrode 

response after successive light on/off cycles, as well as the capacitative behavior of this photoelectrode. 

3.4. Stability. 

 
Finally, the photocatalytic stability of RhCrOx/STO:Al/N-G for overall water splitting was studied 

performing series of consecutive reuses of the same sample. Photocatalytic stability studies are 

particularly relevant in the case of graphene materials, since due to their composition they have to be 

always checked to determine their stability. In these recycling experiments, the RhCrOx/STO:Al/N-G 

photocatalyst was dispersed in MilliQ water, Ar purged and exposed to UV-Vis light irradiation for 4 h 

periods.  During each cycle, the gases evolved were continuously measured. Each new cycle starts with 

thorough Ar purging of the system to remove completely the H2 and O2 produced in the previous run 

prior to a subsequent 4 h irradiation test. This procedure was repeated 3 additional times. The temporal 

gas evolution in the 4 consecutive cycles are presented as Fig. 6.  

 

Fig. 6. H2 (dots) and O2 (circles) evolution using RhCrOx/STO:Al/N-G photocatalyst dispersed in MilliQ 

water at 1 mg/mL concentration upon 300 W Xe lamp irradiation (1113 W/m2) after several Ar purging 

cycles. Total photocatalysts mass 25 mg. 



As it can be seen there the stability test shows a slight decrease in the photocatalytic activity after the 

first run based on the initial rate of H2 and O2 evolution and on the gas production after 4 h final time. 

However, from the second use the initial reaction rates and final gas production remained significantly 

constant in the consecutive runs. Moreover, regarding the O2 evolved during these experiments, its 

production followed the expected stoichiometry, exhibiting also constant rates and final production 

yields.  

4. Conclusions 

In summary, the data provided here have shown that defective N-doped graphene decorated with 

RhCrOx/STO:Al is a suitable photocatalyst to promote overall water splitting. Among the studied 

graphenes, N-G, obtained from the pyrolysis of chitosan and containing approximately 6.4 wt% of N in 

its composition and conveniently decorated by RhCrOx/STO:Al ( 1 wt%) has exhibited the highest 

photocatalytic activity reaching 153 mmol/g of H2 and 74 mmol/g of O2 from water and light after 24 h 

irradiation with UV-Vis light with an incident photon to hydrogen efficiency of 0.67 % at 360 nm. In 

contrast, the photocatalytic activity obtained from comG, containing the same RhCrOx/STO:Al co-

catalyst loading, but lacking N atoms in its composition, was significantly lower.  The co-catalyst 

loading optimization shows that minute amounts (up to 1 wt%) of the doped semiconductor 

RhCrOx/STO:Al are enough to enhance the photocatalytic activity of defective graphenes towards 

overall water splitting. Moreover, the role of the Al and RhCrOx in the co-catalyst has been found to 

introduce mid-gap states in the STO semiconductor and catalyze water oxidation semi-reaction. 

RhCrOx/STO:Al/N-G has demonstrated to be stable in 4 consecutive photocatalytic runs or 8 

photoresponse cycles. The RhCrOx/STO:Al/N-G photoelectrodes presented a notable capacitative 

behavior, accumulating charge carriers upon irradiation due to the limited charge mobility. In general, 

the obtained results confirm that just a small amount of RhCrOx/STO:Al acting as co-catalyst supported 

on N-doped defective graphene can significantly enhance their photocatalytic activity, making these 

materials suitable for overall splitting. 
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Graphical abstract 

 

Highlights 

- The photocatalytic activity of RhCrOx/STO:Al acting as co-catalyst supported on N-doped 

defective graphene is tested for overall water splitting under UV-Vis light irradiation. 

- Under optimal RhCrOx/STO:Al loading of 1 wt%, a maximum H2 production of 153 mmol/g of 

H2 and 74 mmol/g of O2 and quantum yield of 0.67 % at 360 nm are achieved. 

- Transient absorption spectroscopy measurements support that RhCrOx/STO:Al extend the 

charge separation states of N-doped defective graphene. 

- RhCrOx/STO:Al/N-G photocatalyst has demonstrated to be stable in 4 consecutive 

photocatalytic runs or 8 photoresponse cycles. 

 


