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P-doped graphene (Phy-G) prepared by pyrolysis of phytic acid at 900 oC under inert atmosphere 

has been evaluated as metal-free catalyst for the thermochemical water splitting. XPS, solid-state 

31P-NMR and Raman spectroscopy confirm the presence of P atoms bonded to C atoms in the 

graphene lattice as well as some oxygenated P groups, such as phosphates or phosphonates. 

HRTEM and AFM images show the characteristic sheet morphology of 2D graphene materials 

of several micrometers lateral size and exhibiting a high crystallinity with the characteristic 

hexagonal arrangement of graphenic materials. Phy-G has been submitted to consecutive 

oxidation/activation thermochemical cycles at 650 and 800 oC under H2O-saturated Ar and Ar 

atmospheres, respectively. During the oxidation periods, H2 evolution up to 21.6 µmol/min·g 

was measured. However, no O2 evolves in the activation steps. Experimental evidence and 

computational calculations support the formation of P=O bonds during the oxidation steps.  The 

computational calculations suggest that the thermocatalytic H2O splitting occurs on the P atoms 

of doped graphene through a stepwise process involving an intermediate with a P-OH group and 

a H attached to a neighboring C atom and subsequent H2 evolution, leading to the formation of 

P-O bonds. 

 

Introduction 

Among the most general ways to obtain graphene-related materials, the one starting with 

graphite that is submitted to deep chemical oxidation to graphite oxide, followed by subsequent 

exfoliation to graphene oxide (GO) and final chemical reduction provides a graphene material 

denoted as reduced graphene oxide (r-GO). r-GO is among the most widely studied graphene 

material because it can be prepared in a  reliable way in gram scale (Scheme 1).1-2 
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Scheme 1. Process of preparation of r-GO from graphite involving oxidation to graphite oxide 

and exfoliation to GO. (i) chemical oxidation, (ii) exfoliation and (iii) chemical reduction. 

 

The above process to perform graphite exfoliation by conversion of graphene (G) into GO is 

based on the possibility to carry out with a certain degree of control the oxidation and reduction 

of G/GO increasing the oxygen content to above 50 wt.% from G to GO and, then, subsequently 

decrease this oxygen content to from 50 about 10 wt.% characteristic of r-GO. This ability to 

increase and decrease the oxygen content on G sheets is reminiscent of the so-called Mars van 

Krevelen oxidation/reduction of non stoichiometric transition metal oxides in where the oxygen 

content of the inorganic oxide can be varied to a certain extent, generally much lower than the 

one commented in the case of G/GO/r-GO.3  This Mars van Krevelen mechanism has been, 

however, advantageously used to promote catalytic oxidations/reductions and, more related to 

the present work, this swing between two related materials with different oxygen content is at 

base of thermochemical cycles for water splitting or steam reforming. 

In steam reforming, a substrate (S) promotes the reduction of water, resulting in the generation of 

hydrogen (Eq. 1) and substrate oxidation. If the oxidized form of the substrate, most frequently 
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inorganic oxides (normally ceria, perovskites or spinel ferrites) due to the required thermal 

stability (T =  1300 – 1500 oC), can subsequently be thermally reduced by oxygen evolution (Eq. 

2), then the two steps can serve to perform cyclically the overall water splitting.4-5 It has been 

reported that one of the main challenges in thermochemical water reforming is the development 

of materials able to promote efficiently thermochemical transformations at low temperatures (< 

1100 oC), especially for large scale production.5-7  

𝑆𝑆 +  𝐻𝐻2𝑂𝑂 →  𝑆𝑆𝑜𝑜𝑜𝑜. +  𝐻𝐻2                             Oxidation                                          Eq. 1 

𝑆𝑆𝑜𝑜𝑜𝑜.  
∆
→   𝑆𝑆 + 𝑂𝑂2     Activation    Eq. 2 

Considering that, as commented above, graphene and related materials can exhibit different 

oxygen content in a much larger percentage than inorganic metal oxides can do, it occurred to us 

that they could be used either as substrates for steam reforming  (Eq.1) or even for the metal-free 

thermochemical overall water splitting (Eq. 1 and 2). The state-of-the-art materials for 

thermochemical water reforming have been limited to the use carbon-based materials (active 

carbons) as support of metals or metal alloys.8-9  In the present article, however, it would be 

shown that while defective graphenes obtained from biomass undergo steam reforming 

generating hydrogen from water and becoming completely oxidized to CO2, the presence of 

oxophilic P dopant on the G sheet changes completely the behavior of graphene decreasing 

considerably the generation of CO2 in the steam reforming process. The P doping provide 

exceptional thermal stability to the G sheets in a similar way to the reported for N doped G.10 

Oxygen release has still to be achieved to reach a certain cycling in the thermochemical 

generation of H2.  
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In the present study the thermochemical steam reforming of two different graphene materials, 

one obtained by pyrolysis of alginic acid and the other one the P-rich carbon residue from phytic 

acid pyrolysis would be compared. In a series of articles it has been shown that pyrolysis of 

alginic acid, a natural polysaccharide formed by the (1-4)-linkage of β-D-mannuronic and α-L-

guluronic acids, renders a turbostratic graphitic carbon residue that can undergo easily 

exfoliation in a very high yield given rise to defective G.11-14 The defects on this G material 

obtained from alginic acid consist in the presence of oxygenated functional groups, due to the 

presence of a residual oxygen content of about 10 %, as well as the presence of carbon vacancies 

and holes, among other possibilities. It has been shown that these defective Gs derived from 

alginate exhibit catalytic activity for a series of organic reactions promoted by these defects 

acting as catalytic sites.11, 15 The properties and the performance of G from alginate is frequently 

similar to that of r-GO. Related to the present work, it has been recently reported that G from 

alginate can promote the aqueous phase reforming of glycerol at 250 oC acting as catalyst (Eq. 

3).16 Control experiments in the absence of glycerol show that under these reaction conditions, 

no hydrogen or CO2 is evolved from graphene, showing that Eq. 1 does not take place at 250 oC 

in aqueous suspensions of Gs.16 

𝐶𝐶3𝐻𝐻8𝑂𝑂3 + 𝐻𝐻2𝑂𝑂 → 3 𝐶𝐶𝑂𝑂2 + 7 𝐻𝐻2         Eq. 3 

Besides defective G from alginate and considering the possible influence that dopant elements as 

oxophylic centers can exhibit favoring hydrogen generation from water by capturing the oxygen 

atom, in the present study a P-rich doped graphitic carbon was prepared by pyrolysis of phytic 

acid (see structure in Fig. S1 in supplementary information).17 
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Phytic acid is one of the most ubiquitous natural molecules containing phosphorous. Among the 

different roles of phytic acid, the most important one is to act as reservoir of phosphate in 

biological systems, but it is also known that phytic acid can inhibit some enzymatic processes 

related to protein hydrolysis.18 Phytic acid is abundant in the fibers of legumes and other grains. 

There is a precedent in the literature in where thermal decomposition of phytic acid was carried 

out at 500 oC forming a carbonaceous residue that has catalytic activity to promote oxidation of 

hydrocarbons by oxygen.19  In the present study pyrolysis of phytic acid was carried out at 900 

oC and subsequent exfoliation of the residue by sonication renders a dispersion whose 

characterization indicates that it corresponds to a P-doped defective graphene (Phy-G). This Phy-

G material was used as catalyst for the thermochemical steam reforming of water, demonstrating 

a maximum H2 generation per cycle of 21.6 µmol/min·g, working for over 20 consecutive cycles 

of activation and hydrolysis at 800 and 650 oC, respectively. The lack of O2 evolution during the 

activation steps indicates that Phy-G is undergoing gradual oxidation. Experimental and 

computational studies support that the thermocatalytic H2O splitting occurs on the P centers of 

doped graphene through a stepwise process involving P-OH group intermediates and a H 

attached to a neighboring C atom, being the first step the rate-limiting one.  

 

Experimental Methods 

Sample Preparation 

Phytic acid solution 50 % (w:w) in water (Aldrich) was directly used without further 

purification. The phytic acid solution was placed in a drier at 120 oC and allowed to dry 

overnight. The dry residue was subsequently pyrolyzed at 900 oC in Ar atmosphere for 2 h 
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increasing the temperature at 20 oC/min and allowing to cool by equilibration with the ambient. 

The carbon residue was dispersed in ethanol and sonicated at 700 W for 3 h. Finally, the solid 

was recovered from the ethanol suspension by centrifugation and dried under vacuum at 40 oC 

overnight. 

Sample characterization 

Raman spectra were collected with a Horiba Jobin Yvon-Labram HR UV-Visible-NIR (200-

1,600 nm) Raman Microscope Spectrometer, using a 512 nm laser. The spectrum was collected 

averaging 10 scans at a resolution of 2 cm-1 

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

Samples were prepared by applying one drop of the suspended material in ethanol onto a carbon-

coated copper TEM grid, and allowing them to dry at room temperature.  

AFM measurements were conducted in contact mode in air at ambient temperature using a 

Veeco apparatus operating in tapping mode. 

XP spectra were measured on a SPECS spectrometer equipped with a Phoibos 150 9MCD 

detector using a non-monochromatic X-ray source (Al and Mg) operating at 200 W. The samples 

were evacuated in the prechamber of the spectrometer at 1·10-9 mbar. The measured intensity 

ratios of the components were obtained from the area of the corresponding peaks after nonlinear 

Shirley-type background subtraction and corrected by the transition function of the spectrometer. 

NMR measurements were performed on a Bruker MSL 400 NMR spectrometer with a magnetic 

field strength of 9.4 T and a 31P NMR frequency of 161.96 MHz.  MAS rotation frequencies 

were 5 and 8 KHz, and proton decoupling was applied. For the measurements, a 90o pulse 
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acquire sequence with a 2.5 µs pulse length, a 5 µs dwell time, 1024 data points, and a 4 s 

recycle delay were used for accumulating 400 – 600 scans. Saturation effects were not detected 

under these conditions. 

Thermocatalytic H2 Evolution 

Thermochemical cycles were performed in two units. One of them was a NETZSCH STA 449 

Jupiter thermobalance equipped with an electric furnace suitable for the oxidation reaction at 

several Ar flow rates and water concentrations (maximum working temperature 1250 ºC). 

Other thermochemical cycles were monitored in a tubular reactor placed inside an electric 

furnace as displayed in Fig. S2a in supplementary Information. In the experimental study, a 

fixed-bed reactor was used and the reactor characteristics allowed the control of the heating rate 

and temperature, enabling the determination of kinetic laws. Mullite tube was used for the 

activation and oxidation reactions, respectively. About 0.2 g of powder sample was placed in a 

Pt/Rh (90:10) crucible inside the tubular reactor (Fig. S2b in Supplementary Information). The 

sample was heated under a 100 mL min-1 Ar flow to the desired temperature at a rate of 40 ºC × 

min-1 and then held isothermally for some time.  Steam for the hydrolysis step was generated by 

passing Ar through deionized water at 80 ºC. 

The effluent gas was analysed by a gas chromatograph (Varian CP4900), equipped with a 

molecular sieve column and a TCD detector, which automatic sampling of gas aliquots from the 

reactor outlet every ca. 2 min. This apparatus allows the analysis and quantification of H2, O2, 

CO, CH4, at each step to determine the efficiency of the process (Fig. S2a in Supplementary 

Information).  Numerical integration of the obtained molar flow time curves provides the total 

amount of hydrogen evolved. 
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Computational Details 

The potential energy calculations have been performed using spin polarized DFT with the VASP 

5.4.1 code (Vienna ab-inito simulation program) developed at the Fakultät für Physik of the 

Universität Wien.20 We use the projector augmented wave (PAW) scheme21 with the Perdue-

Burke-Ernzerhof (PBE)22 exchange and correlation (xc)-functional and a plane-wave energy 

cutoff of 400 eV. The system is modeled by a hexagonal 5x5 unit cell containing 50 atoms with a 

P atom substituting a C atom (2% doping),23 with an optimized C-C bond separation of 1.429 Å  

and a 14 Å  separation between graphene sheets. Γ-point sampling of the reciprocal space has 

been used in the optimizations and the nudged elastic band (NEB)24 method calculations. These 

have been used to locate the transition state structures, employing four images as in previous 

studies.25-26 In the computations of the water splitting and phosphoric acid formation reaction 

energetics, the k-point density has been increased to 4×4×1, and the separation between 

graphene sheets to 22 Å and 26 Å. The interaction energies are determined as the energy 

difference between the adsorbate/substrate interacting configuration minus the configuration 

with the adsorbate and substrate components separated and non-interacting while both included 

within the unit cell. With this computational set-up, the water and dihydrogen with P-doped 

graphene interaction energies are -0.92 and -0.87 kcal mol-1, respectively, in full agreement with 

previous data on undoped graphene.27 The standard free energy corrections at 650°C include the 

vibrational contributions of the bonds that are broken and formed along the reaction coordinate 

and the vibrational, rotational and translational contributions of the free molecules. They have 

been estimated from gas-phase calculations at the PBE/6-311g** level (see more details in the 

Supplementary Information). 

Results and discussion.  
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Sample characterization 

Combustion chemical analysis indicates that the carbon content of Phy-G was of 41.8 wt %. X-

Ray photoelectron spectroscopy (XPS) shows the presence of C, O and P in agreement with the 

composition of the phytic acid used as precursor (see Figure 1).  Small amounts of N from 

impurities present in phytic acid were also detected in Phy-G. The atomic composition at the 

surface of the Phy-G sample determined by XPS was 74.7, 17.8, 5.4 and 1.1 % for C, O, P and 

N, respectively. This corresponds to a weight proportion of 65.71, 20.88, 12.27 and 1.13 wt% for 

C, O, P and N, respectively. These values give higher-than-expected C content in Phy-G in view 

of the combustion chemical analysis, indicating the preferential location of C at the outermost 

layers of the Phy-G particles. Deconvolution of the C 1s peak in the high resolution XPS shows 

the presence of three components that can be attributed to graphenic carbon (48.5 %), carbon 

bonded to oxygen (8.8 %) and carbon bonded to phosphorous (42.7 %) at binding energies of 

284.5, 288.1 and 283.4 eV, respectively, similarly to previous reports of P-doped graphene.28 

Analysis of the O 1s peak indicates, on the other hand, also the presence of three different types 

of oxygen appearing at binding energy values of 529.8 (19.8 %), 533.8 (15 %) and 531.6 (65.2 

%) eV that are attributable to two families of oxygen atoms bonded to carbon (C=O and C-O) 

and one oxygen type bonded to phosphorous (O=P-), respectively.29-30 XPS also exhibits a peak 

for P 2p that can be deconvoluted in three components with binding energies of 131.8, 132.98 

and 135.8 eV with relative percentages of 17.88, 9.14 and 72.98 %, respectively. The component 

at lower binding energy is attributable to phosphorous coordinated to carbon (P-CCC) while the 

components at higher energies (132.98 and 135.8 eV) are related to phosphonate and phosphate 

groups, respectively. 
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Figure 1. XPS survey spectrum (a) and C1s (b), O1s (c), P2p (d) high resolution peaks recorded 

for Phy-G, and their corresponding best deconvolution fits. 

 

Further information on the type of P atoms present on the Phy-G material was obtained by solid 

state MAS 31P nuclear magnetic resonance (NMR) spectroscopy (Figure 2), that shows the 

presence of four peaks appearing at 29, -4, -13, -26 ppm, respectively. These 31P peaks can be 

assigned based on the literature to P atoms analogous to triphenylphosphine oxide (O=PPh3, 

expected value at + 28 ppm),31 triphenylphosphine (PPh3, expected value at -5 ppm),32-33 

diphenylphosphate (O=P(OH)Ph2, expected value at -10.4 ppm)34 and organic phosphanates 
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((OH)2(O)PPh,  expected value at -10 ppm in PO4 terminal groups) respectively,35-36 in good 

agreement with the deconvolution of the XPS P 2p peak that indicates the presence of various 

types of P, either lacking oxygen or bonded to one or more oxygen atoms. The morphology of 

Phy-G particles was observed by high resolution transmission electron microscopy (HRTEM) 

(Figure 3), whose high resolution images revealed the expected sheet morphology characteristic 

of 2D graphenic materials of several micrometers lateral size and exhibiting a high crystallinity 

with hexagonal arrangement characteristic of graphenic materials. In addition to those graphene 

sheets, the presence of amorphous nanometric particles showing a 3D morphology without any 

atomic arrangement or crystallinity were also observed as accompanying impurity on the Phy-G 

sample, probably associated to the formation of undefined P-containing carbon particles. 
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Figure 2. Solid state 31P NMR spectrum of Phy-G, with indication of the assignment based on 

the literature. 31-34 

 

The preferential characteristic 2D morphology of Phy-G was confirmed by atomic force 

microscopy (AFM). The lateral size and height of Phy-G was measured after depositing a drop of 

Phy-G dispersion in ethanol on atomically flat mica substrate and allowing solvent evaporation. 

The 2D particles presented lateral dimensions between 3 and 8 µm with an average height of 2.5 

nm, indicating that they correspond to few layers graphenic sheets. Figure 4 presents some AFM 

images corresponding to the 2D sheets and the nanometric particles as well as some 

measurements with subnanometric vertical resolution of the sheets. In order to discard that the 

2D layers observed in the AFM images in Fig. 4 are due to the formation of solvent 2D films, as 

reported elsewhere,37 Phy-G sample was prepared depositing a drop of the Phy-G dispersion in 

ethanol on a mica substrate and subsequent heating at 110 0C for 3 h  prior AFM image 

acquisition (Fig. S3 in Supplementary Information). 
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Figure 3. HRTEM images showing the different types of particles observed in the Phy-G 

samples. (a) Graphenic sheet of several micrometers exhibiting 2D laminar morphology. (b) 

Submicrometric particles with rough morphology. (c) Magnification of image (a) showing the 

spatial hexagonal arrangement. Inset shows electron diffraction pattern indicating the high 

crystallinity of the graphene sheets. (d) Magnification of image (b) for which no crystallinity was 

observed. 
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Figure 4. AFM images of Phy-G samples. (a) General wide field image of Phy-G samples 

showing a 2D sheet on which smaller particles are supported. (b) 3D image of a wide field region 

of the same Phy-G sample. (c) Image corresponding to a part of a 2D sheet, where the blue, 

green and red lines indicates the height measurements. (d) Height measurement along the lines 

indicated with the same colors in image (c). 
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The number of layers cannot be determined, since the thickness of a single Phy-G sheet is 

unknown. In the case of N-doped G, a thickness about 1 nm has estimated for a single layer38 and 

similar thickness could be considered here. AFM also reveals the presence in lesser proportion of 

a second type of particles ranged in size from 50 to 500 nm accompanying the prevalent 2D 

sheets of nanometric thickness as observed by HRTEM. 

The presence of defects on the Phy-G graphenic material and some quantitative indication of the 

density of these defects can be assessed by Raman spectroscopy (Figure 5). Raman spectrum of 

Phy-G exhibits the three 2D, G and D peaks characteristic of doped defective Gs appearing at 

2700, 1600 and 1350 cm-1, respectively. The relative intensity of the G versus the D peak (IG/ID) 

was 1.19. This is a common value for other defective graphenes obtained by pyrolysis of 

polysaccharides11 that also have somewhat higher IG/ID ratios than those reported for common r-

GO of around 0.9.39 Higher IG/ID ratios are generally indicative of lower defect density on the 

material. Further perusal of the Raman spectra of Phy-G Raman spectra shows a shoulder in the 

D band located at 1169 cm-1 as well as a peak in the low frequency region at 466 cm-1 that can be 

attributed to O-P-O bending of the phosphoric and phosphonate groups. 

All together the present available data shows that, in agreement with earlier reports on the 

formation of defective graphenes by pyrolisis of some biomass compounds, pyrolysis of phytic 

acid at 900 oC also results on the formation of a defective graphene containing P atoms grafted 

on the sheet having different coordination environments. It is expected that these P atoms located 

on the sheets of G can act as catalytic sites and oxophitic centers promoting water 

decomposition, particularly Eq. 1 in which oxygen becomes attached to the material resulting in 

the generation of hydrogen. 
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Figure 5. Raman spectrum of Phy-G sample indicating the position of the D, G, and 2D bands, 

as well as the location of some characteristics stretching bands corresponding to P-O bonds. 

 

Steam Reforming 

Thermochemical experiments were carried out using a tubular reactor placed inside an electric 

furnace containing Phy-G as displayed in Fig. S2a in supplementary information. Approximately 

200 mg of the solid samples were loaded in a Pt/Rh crucible, and introduced in the tubular 

reactor (see Fig. S2b in supplementary information). Prior to starting the thermochemical H2O 

splitting cycle, Phy-G sample was submitted to thermal activation at 850 oC under vacuum for 4 

h in order to remove adsorbed molecules and volatile impurities. Then, successive activation-
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oxidation steps at 800 oC under dry Ar and at 650 oC under H2O-saturated Ar atmosphere, 

respectively, corresponding to attempts to achieve Eq. 1 and 2, were carried out. The gases 

evolved during 21 consecutive activation-oxidation cycles were analyzed by GC 

chromatography, whereby evolution of H2 as the main product accompanied by detectable 

amounts of CH4 and CO, could be determined and quantified. Fig. 6 presents H2 evolution 

profile during 21 consecutive cycles of activation-oxidation. As it can be observed there, H2 was 

produced during oxidation steps (Eq. 1), obtaining from 21.6 µmol/gPhy-G in the first cycle to 5.5 

µmol/min·gPhy-G in the last cycles. This evolution indicates a gradual fatigue of the Phy-G 

sample upon increasing the number of cycles. In contrast, the formation rate of CH4 and CO, 

much lower than that of H2, was found practically constant in every step of the cycle, regardless 

the temperature (800 or 650 oC) and the presence or absence of H2O (See Fig. S4 in 

Supplementary Information). The formation of these two gases appears, therefore, related to the 

continuous decomposition of Phy-G catalyst during the process. Thermogravimetric (TG) 

analysis of Phy-G during activation-oxidation cycles under the reaction conditions revealed a 

slight and continuous mass loss over time (Fig. S5 in Suplementary Information). 

For comparison purposes defective G obtained from alginic acid pyrolysis at 900 OC under Ar 

atmosphere was also submitted to activation-oxidation cycles under identical conditions as those 

of Phy-G. The G sample obtained from this biopolymer has been widely characterized in the 

literature,11 and it has been reported that defective G obtained from this precursor contains a 

residual O content. In agreement with the reported data, XPS measurements revealed the 

presence on G of O in a proportion of 8.45 wt%.11 Therefore, this defective G sample can be 

considered similar to the one obtained from phytic acid, although lacking P in its composition. 
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Figure 6. H2 evolution upon 21 consecutive activation-oxidation cycles (red). The temperature 

cycles have been included in blue. 

 

However, as it can be observed in the TG curve shown in Fig. S5, G obtained from alginic acid is 

not stable under the successive activation-oxidation cycles, and it decomposed completely in the 

first 10 cycles under the reductive conditions. Accordingly, G from alginate undergoes steam 

reforming under the conditions of hydrolysis step, becoming oxidized to CO2, while H2 is 

generated. Therefore, it is clear that P-doping changes significantly the behavior of the G sheet 

such that it becomes more stable with regard to H2O oxidation. It has been also observed in the 

literature that dopand elements, such as N, can make active carbon more stable towards chemical 
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oxidation by nitric acid,40 and a similar effect would be caused here by oxyphilic P atoms present 

on Phy-G. 

Lack of O2 evolution 

It is worth noticing that evolution of O2 was not detected in any step in these experiments either 

using Phy-G or G, indicating that Eq. 2 does not take place. However, since H2 evolves in the 

hydrolysis steps, it is clear that the O atoms present in H2O must remain attached in the Phy-G 

catalyst or could promote some decomposition. In order to address the nature of the oxygenated 

groups being formed on Phy-G, Raman spectroscopy and XPS analysis of the Phy-G catalyst 

after extensive use in the thermochemical H2O reactions were carried out. 

The XPS P 2p peak of Phy-G after its use in steam reforming and its best deconvolution fit are 

presented as Figure 7, that also provides a comparison with the P 2p peak of the fresh sample. 

The first information provided by XPS was a decrease in the proportion of P quantified by the 

decrease of the P/C atomic ratio from the initial 0.072 value for the fresh Phy-G material to the 

0.021 ratio determined for the Phy-G sample after its use in the thermochemical H2 generation 

from H2O. Comparison of P 2p spectra of fresh and used Phy-G confirms a shift in P 2p peak of 

the used Phy-G towards higher binding energies, indicating the increasing presence of oxidized P 

in the catalyst composition. In addition, as it can be observed in Figure 7, the P 2p peak of Phy-G 

after reaction presents only two  main components instead of three. In this case, the component at 

132 eV related to P-C bond is no longer present, while components at 134 and 136 eV in a 

relative percentages of 74.5  and 25.5, respectively, are related to the formation of P-O bonds. 
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Figure 7. High resolution XPS P 2p peaks measured for Phy-G after reaction (a). (b) 

Comparison of the P 2p peak of Phy-G before (red) and after (black) its use in the thermolysis of 

H2O. Dotted lines represent the maximum of the three components present in the P2p peak of 

fresh Phy-G. 

 

Raman spectra of Phy-G before and after reaction have also been compared, and the results are 

shown in Fig. S6 in Supplementary Information. As can be observed in the high frequency 

region of the Raman spectrum, the 1169 cm-1 band related to P=O vibrations has grown in 

intensity after the Phy-G use in H2 evolution reaction. In a similar way, the low frequency region 

of the Raman spectrum shows a weak 466 cm-1 band that has grown in intensity compared to 

fresh Phy-G sample and other peaks also related to P-O vibration modes, such as those appearing 

at 857 and 590 cm-1. These data from Raman spectroscopy are in good agreement with the XPS 

data, showing that P atoms have undergone a transformation toward phosphate groups after the 

reaction increasing their level of P-O bonds. 
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In addition, the relative intensity of the G versus the D band due to the graphene lattice has also 

changed after reaction, being of 0.83. This value is similar to those reported for r-GO materials, 

indicating that not only the P atoms are being oxidized during reaction, but also the graphenic C 

structure increases its defect density, probably related to the detachment of P atoms and also to 

some oxidation as well. 

The solid-state 31P NMR spectra of fresh and used Phy-G have been similarly recorded and they 

are compared in Fig. S7 of the Supplementary Information. As it can be seen there, the 

contribution of peaks corresponding to triphenylphosphine and triphenylphosphine oxide has 

considerable decreased, while the peaks attributed to phosphate and other P oxide groups have 

undergone a notable increase in good agreement with the information provided by XP and 

Raman spectroscopies. Therefore, the incorporation of O atoms in P-doped G as phosphate 

groups is confirmed by three different techniques, and thus, the lack of O2 gas in the stream can 

be attributed to the oxophilic nature of P and also to some degree of graphenic C oxidation 

during reaction. Observation of CH4 and CO in the thermochemical cycles clearly indicates this 

gradual oxidation of G, since the most likely origin of CH4 is methanation of CO2. 

Mechanism Discussion 

Density functional theory calculations with the PBE functional (see Computational Details) have 

been carried out to explain the thermochemical H2 evolution from H2O on Phy-G. Similar 

reactivity studies have been carried out for the oxygen reduction reaction on P-doped 

graphene,41-42 but not for steam reforming. Similar to these studies, we assume that the catalytic 

activity is provided by P atoms that substitute a single C atom on the graphene sheet, forming 

three P-C bonds, and model the catalytic centers on a periodic graphene sheet. This model is 
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consistent with our experimental 31P NMR spectrum, which shows the presence of 

triphenylphosphine-like atoms (Figure 2), and with the experimental surface contents of 5.4 % 

(XPS). The latter corresponds to an average P-P distance of approximately 7.5 Å, which 

indicates that the catalytic effect will be provided by single P atoms. Given that the surface may 

also contain other defects whose distribution is not known, we opt for an idealized model with 

2% P content (P-P distance 12.3 Å) that allows us to study the catalytic effect of an isolated P 

atom. 

The computed mechanism supports that P atoms are the catalytic centers reacting with H2O  in a 

stepwise fashion, as shown in Figure 8a. Attempts to calculate a concerted mechanism of H2 

evolution and O attachment to the surface did not provide reasonable results. Note that for 

convenience, Figure 8 only represents the carbon atoms in the vicinity of the catalytic center. 

The calculated mechanism starts with a physisorbed water molecule (R). The first step consists 

of OH dissociation and simultaneous addition of the OH and H fragments to the P atom and a 

neighboring C site, respectively. It takes place through TS1 and leads to intermediate I1. The 

estimated barrier is 66.0 kcal/mol, and the step is endoergic by 40.1 kcal/mol. The second step is 

the dissociation of the second OH bond and formation of H2 through TS2. This step involves, 

before the dissociation, a reorientation of the OH group leading to a second intermediate, I2, and 

it ends with the phosphonated product P. The energy barrier for this process, calculated from I1, 

is 50.2 kcal/mol. This suggests that the first step is the rate-determining one, while overall the 

steam reforming process is slightly endoergic by 5.3 kcal/mol. Other mechanisms are possible 

for the second, H2 forming step, such as H diffusion on the surface and combination of two 

diffusing H atoms. However, the occurrence of these alternative mechanisms will not change the 

overall kinetics, since the first step remains to be the rate-determining one. 
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A possible mechanism for decomposition of the phosphonated product is shown in Figure 8b. It 

presents the calculated thermodynamics of three successive water additions to the P=O group, 

with simultaneous cleavage of one P-C bond in every step. This consecutive addition results in 

the detachment of a phosphoric acid molecule from the graphene sheet.  This leaking of P atoms 

would be consistent with the experimental XPS that shows a loss of P in the process as well as 

with XPS and Raman spectra that indicate an increase in the P-O bond signals. The first two 

hydrolysis steps are endoergic by 23.1 and 26.8 kcal/mol, respectively, while the last step is 

endoergic by 39.6 kcal/mol. Following Eq. 2, an alternative to the hydrolysis would be P=O 

dissociation from P and regeneration of the initial catalyst. An accurate calculation of the barrier 

for this process is out of the scope of this work because it generates an oxygen atom which is 

difficult to treat computationally, but preliminary attempts with the current methodology yield an 

approximate estimate for the process of 80-100 kcal/mol uphill, showing that it is not viable. 

Overall, the calculated energetics for H2 generation are consistent with a mechanism where H2O 

and H2 reach an equilibrium during the hydrolysis cycles (see Eq. 1 and Fig. 7), with gradual 

decomposition of the catalytic centers. In agreement with the available experimental data, 

calculations indicate that hydrolysis of the P=O center to phosphoric acid is preferred compared 

to regeneration of the catalyst and O2 evolution, consistent with the lack of observation of this 

gas.  
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Fig. 8. (a) Calculated PBE standard free energy profile (kcal/mol) for the stepwise 

thermochemical water splitting reaction on P-doped graphene (2 %). The approximate transition 

structures TS1 and TS2 are the highest points on the NEB profiles (see Computational Details). 

The structures include the most significant bond lengths in Å and angles in °. (b) Calculated PBE 

free energy in kcal/mol (relative to the R structure) for the intermediates formed in three 

successive hydrolysis steps (addition of a H2O molecule and cleavage of a P-C bond at every 

step) resulting in formation of phosphoric acid. Note that in both figures only the carbon atoms 

of the unit cell in the vicinity of the catalytic center are displayed. 
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In conclusion it has been shown that defective G obtained from biomass pyrolysis undergoes 

steam reforming at temperatures above 400 oC forming H2 and CO2. Grafting of P atoms on the 

G sheet increases considerably its stability under conditions of steam reforming. A graphenic 

material doped with P was obtained by pyrolysis of phytic acid. Characterization of this material 

shows that together with the expected P-doped G, other nanoparticulated component is also 

present in much lesser proportions. Although the stability of Phy-G is notably higher than that of 

G and H2 evolution is observed, no oxygen evolution could be achieved under the conditions 

tested. It seems that oxygen becomes too strongly attached to P atoms and also some degree of 

oxidation of the graphenic material to CO and CO2 (converted to CH4) is occurring. The 

computational calculations suggest that the thermocatalytic H2O splitting occurs on the P atoms 

of doped graphene throgh a stepwise process involving an intermediate with a P-OH group and a 

H attached to a neighboring C atom. Subsequent H2 evolution forms P=O. The first step is the 

rate-limiting one. The results are in line with the Sabatier principle, which states that if the 

interaction between the substrate and the catalyst is too strong, the product fails to dissociate 

from the catalyst, leading to a drop in efficiency. In the present case, the product does not 

dissociate completely from the catalyst because the P=O bond is too strong to allow for 

dissociation of atomic O. This results in hydrolysis and decomposition of the catalytic sites. 

Therefore, the search for a doped G that could promote the thermochemical water splitting due to 

the good balance between oxyphilicity, but moderate bond strength with the O should still 

continue. 
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Supporting Information.  

The supporting information is available free of charge on the ACS Publications Website at DOI: 

- Figure S1, Structure of phytic acid; Figure S2, Digital images of the experimental set up; 
Figure S3, CH4 and CO evolution; Figure S4, TG analysis of Phy-G and defective G; 
Figure S5, Raman spectra of Phy-G after and before reaction; Figure S6, Solid 31P NMR 
spectra of Phy-G bofre and after reaction. Details of free energy correction calculations. 
(PDF) 
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SYNOPSIS  

This works relates the preparation of P-doped graphene from phytic acid and evaluates its 

performance in thermochemical water reforming at mild conditions. 
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