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nability: phytic acid as a green
precursor for metal-free carbon electrocatalysts in
ORR†

Sergio Garćıa-Daĺı, *ab Javier Qúılez-Bermejo, a Jimena Castro-Gutiérrez, a

Maŕıa T. Izquierdo, c Alain Celzard ad and Vanessa Fierro *a

The sluggish kinetics and high overpotential of the oxygen reduction reaction (ORR) in fuel cells andmetal–

air batteries are currently resolved through the use of expensive and scarce platinum-based

electrocatalysts. Here, a green and straightforward synthesis method for preparing metal-free

phosphorus-doped carbon (PDC) materials via carbonization of phytic acid at temperatures ranging from

700 to 1000 °C is reported. This study provides valuable insights into the effect of carbonization

temperature on the surface chemistry and catalytic performance of PDCs. The PDC electrocatalysts

exhibit ORR electrocatalytic activity equivalent to that of the state-of-the-art P-doped carbons and show

a correlation between the content of C–P species and the electrocatalytic activity for the ORR. The

study suggests that C–P-type species are responsible for the improved ORR. These findings not only

demonstrate a practical and low-cost approach for preparing highly efficient metal-free electrocatalysts

for the ORR, but also highlight their potential for the development of sustainable energy technologies.
Sustainability spotlight

This study reports a sustainable and signicant breakthrough in the development of metal-free electrocatalysts for the oxygen reduction reaction (ORR) in fuel
cells and metal-air batteries. A green and simple synthesis method was used to prepare phosphorus-doped carbon (PDC) materials by carbonizing phytic acid
(PA). These PDC materials exhibited highly efficient ORR electrocatalytic activity, equivalent to that of expensive platinum-based electrocatalysts. The study also
provided valuable insights into the surface chemistry and catalytic performance of PDCs, revealing the potential of PA-derived carbon materials in energy
conversion. Overall, this low-cost and practical approach for producing metal-free electrocatalysts demonstrates their potential for sustainable energy tech-
nology development.
Introduction

Due to the increasing global energy demand, signicant efforts
have been made to mitigate the environmental impact of our
dependence on fossil fuels in the economic system.1 Green
technologies such as fuel cells and metal-air batteries have
shown great potential as sustainable and environmentally
friendly alternatives to traditional fossil fuel-based devices.2,3

The oxygen reduction reaction (ORR) is a fundamental electro-
chemical process that plays a crucial role in the energy
conversion mechanism of these devices.4 However, the sluggish
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kinetics and high overpotential of the ORR are major challenges
that need to be addressed to improve the efficiency of energy
conversion systems.5

In addition, the cost of ORR electrodes is a major concern6,7

as platinum (Pt) and other noble metals deposited onto carbon
supports are the state-of-the-art electrocatalysts currently used
in commercial ORR devices.8,9 Despite its effectiveness, the use
of Pt-based electrocatalysts is not a sustainable solution on
a global scale due to the high cost of Pt, its scarcity and low
stability under working conditions.10,11 Therefore, there is
a need to nd alternative electrocatalysts that are both cost-
effective and environmentally friendly for widespread imple-
mentation of these electrochemical technologies. For instance,
iron (Fe), nickel (Ni), and cobalt (Co) have shown promise as
alternative electrocatalysts for ORR due to their high electro-
catalytic performance.12–16 However, these metals pose their
own set of issues. Under reaction conditions, the leaching of
metal nanoparticles can occur, which can reduce the durability
of the electrocatalyst and raise environmental concerns.17,18 In
response to the limitations of metal-containing electrocatalysts,
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3su00119a&domain=pdf&date_stamp=2023-07-29
http://orcid.org/0000-0002-0042-0430
http://orcid.org/0000-0003-2808-1036
http://orcid.org/0000-0002-6319-2498
http://orcid.org/0000-0002-2408-2528
http://orcid.org/0000-0003-0073-9545
http://orcid.org/0000-0001-7081-3697
https://doi.org/10.1039/d3su00119a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3su00119a
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU001005


Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ni
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

6/
10

/2
02

5 
10

:1
9:

33
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
a new alternative based on metal-free carbon electrocatalysts is
emerging as an efficient solution for ORR, particularly due to
the low cost associated with their preparation.19–23 However, one
of the main challenges associated with the use of carbon
materials as electrocatalysts is their low electrocatalytic activity
due to the homogeneous distribution of electron density along
the carbon layers. To overcome this limitation, carbonmaterials
are oen doped with heteroatoms to tailor their properties and
increase their electrocatalytic performance. Of all the hetero-
atoms commonly used for carbon doping, such as nitrogen (N),
oxygen (O), sulfur (S), boron (B) and halogens, nitrogen (N) has
been the most studied due to its well-known effect on electro-
catalytic activity.21–35 In comparison, phosphorus (P) has
received relatively less attention as a doping atom for ORR
electrocatalysts. However, in recent years, there has been
increasing interest in using P as a heteroatom to produce high-
performance carbons.36 As a result, P has been considered the
“next heteroatom to be explored” by the scientic community.37

The main methods used for the production of P-doped
carbons (PDCs),38 such as carbonization of the precursor
mixture containing carbon and P,39 post-functionalization with
a P compound of a prefabricated carbon,40 or co-deposition of
carbon and P from a gas phase,41 rely on the use of environ-
mentally unfriendly precursors, phosphoric acid being the
main example. There is therefore a need for an alternative
method to synthesize highly active PDCs using biosourced
precursors. To this end, phytic acid (PA), a biosourced
compound commonly found in nature that contains both
carbon and phosphorus, has shown promise as a precursor for
the production of carbonaceous materials with high P content
without requiring additional reagents.42 Nevertheless, ques-
tions remain unanswered regarding the impact of heat treat-
ment during the carbonization of PA and its effects on ORR
performance.

In order to optimize the properties of the PDCs to be used as
electrocatalysts and to better understand the effect of P species
on ORR, PA was carbonized at different temperatures to change
the chemical state of P in the carbon material. The PA-derived
PDCs were thoroughly characterized, concluding that the
oxidation state of P heteroatoms is a critical factor in the ORR
catalytic activity. Additionally, this study presents a simple and
eco-friendly method for the production of PDCs using a bio-
sourced precursor. The resulting PDCs exhibited excellent
electrocatalytic performance for ORR.
Experimental details
Chemical and reagents

Phytic acid (PA) solution (50 wt% in H2O), Pluronic® F-127, and
Naon® (5 wt%) were supplied by Sigma Aldrich. Potassium
hydroxide (KOH, 85%) and isopropanol (99.9%) were purchased
from VWR. All reactants were used as received.
Synthesis of PA-derived PDCs

To prepare an easy-to-handle paste, 4 g of PA solution was
combined with 2 g of Pluronic® F127 and mixed in an agate
© 2023 The Author(s). Published by the Royal Society of Chemistry
bowl (50 mL) with 10 agate balls (1 cm diameter) using a plan-
etary ball mill (PM100, Retsch) at a speed of 500 rpm for 1 hour.
The resulting paste was then subjected to heat treatment in
a high-temperature tubular furnace at temperatures ranging
from 700 to 1000 °C for 1 hour. The furnace was purged with
and N2 ow of 150 mL min−1 at room temperature for 1 hour
prior to heat treatment. The heating rate was set at 5 °C min−1.
The obtained carbon samples were labeled PDC-T, where T
represents the heat treatment temperature.
Instrumentation

PDC-T materials were characterized by elemental analysis (EA),
N2 adsorption–desorption isotherms, X-ray diffraction (XRD),
Raman spectroscopy, transmission electron microscopy (TEM)
and X-ray photoelectron spectroscopy (XPS).

The carbon, hydrogen, nitrogen, sulfur, and oxygen content
of each sample was directly measured using a Vario EL cube
analyzer (Elementar). About 2 mg of the sample was subjected
to heat treatment at 1700 °C in an oxygen-containing helium
atmosphere. The analyzer used a thermal conductivity detector
to analyze the gases generated during sample combustion,
which were separated through a chromatographic column. The
P content (wt%) was determined considering P as the only
element apart from C, H, O, N and S, and calculating the
difference to 100.

N2 adsorption–desorption isotherms were acquired using
a fully automated ASAP2020 manometric adsorption unit
(Micromeritics) at −196 °C. Prior to the adsorption experi-
ments, the samples were outgassed at 90 °C for at least 24 hours
under high-vacuum conditions (2–4× 10−4 Pa) in the degassing
port. Further degassing was performed in the analysis port for
at least 6 hours before the rst dosing of N2, which started with
the samples under high vacuum. The warm and cold volumes
were measured aer N2 adsorption–desorption to prevent
helium entrapment in the narrowest pores. The BET area (ABET)
of the materials was determined in accordance with the
guidelines recommended by IUPAC43 using MicroActive®
(Micromeritics) soware. The pore size distributions (PSDs)
were obtained using SAIEUS® (Micromeritics) soware to apply
the 2D non-local density functional theory for heterogeneous
surfaces (2D-NLDFT-HS) to the N2 adsorption isotherm of the
PDC-700 material. For the materials synthesized at higher
temperatures (800–1000 °C), i.e., those with more developed
microporosity, H2 adsorption–desorption isotherms at −196 °C
were also obtained following the procedure described above for
N2 adsorption. Then, the PSDs of these PDCs treated at high
temperature were obtained by simultaneously applying the 2D-
NLDFT-HS to the N2 and H2 adsorption isotherms.

The structural order of all carbon samples was determined
using the Bruker D8 Advance A25 polycrystalline powder X-ray
diffractometer. This device is equipped with a Cu anode X-ray
source operating at 40 kV and 40 mA, a scintillation detector,
and a graphite monochromator. Silver behenate was used as
a reference for height correction. Furthermore, Raman spectra
were obtained using a Horiba Scientic XploRa Raman spec-
trometer, which used a 50× objective and a green laser light
RSC Sustainability, 2023, 1, 1270–1277 | 1271
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Fig. 1 Schematic representation of the synthesis process of the PDC-
T series materials.
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(535 nm wavelength, circularly polarized, and ltered to 10% of
its nominal power) dispersed using a holographic grating (1200
lines mm−1). Each spectrum was obtained by accumulating two
spectra measured from 800 to 2200 cm−1 over 180 s.

TEM images were captured using a JEM - ARM 200 F Cold
FEG TEM/STEM equipped with probe and image spherical
aberration correctors. To prepare the samples for imaging, the
powdered material was dispersed in ethanol using low-power
sonication. A drop of the resulting suspension was deposited
onto a carbon-coated copper TEM grid (200 mesh) and allowed
to air-dry.

An ESCAPlus OMICROM spectrometer was used to obtain
XPS spectra, equipped with a non-monochromatized MgKa X-
ray source. Shirley-type background subtraction, peak tting,
and quantication were conducted using CASA soware.
Electrochemical measurements

PDC-T materials were electrochemically characterized in
a three-electrode cell with a rotating ring-disk electrode (RRDE)
connected to a PGSTAT302N bi-potentiostat (Metrohm). The
working electrode comprised a glassy carbon disk with an area
of 0.196 cm2 and a platinum ring as a second working electrode.
The reference electrode was a reversible hydrogen electrode
(RHE) and the counter electrode was a glassy carbon rod (8 mm
diameter). Electrochemical measurements were carried out at
room temperature in aqueous alkaline medium (0.1 M KOH).
To prepare the working electrodes, PDC-T materials were
dispersed (4 mg mL−1) in an isopropanol/water solution (20/80,
v/v) containing 0.2 wt% of Naon®. 4 aliquots of 8.42 mL of the
resulting ink were drop-casted onto the glassy carbon disk to
give a carbon load of 0.68 mg cm−2. The prepared electrodes
were immersed in the working solution under vacuum for a few
minutes to achieve maximum wettability.44 Then, the electrode
was introduced into the working solution under continuous
nitrogen bubbling. Prior to the electrocatalytic study, to stabi-
lize the electrode, cyclic voltammetry (CV) scans were recorded
from 1.00 to 0.00 V vs. RHE at a scan rate of 50 mV s−1 (20
cycles). Next, linear sweep voltammetry (LSV) measurements
were carried out under O2 bubbling at 1600 rpm with a scan rate
of 5 mV s−1 from 1.00 V to 0.00 V vs. RHE. The geometric area of
the disk (0.196 cm−2) was used to normalize the applied
currents. The platinum ring potential was set at 1.5 V vs. RHE to
calculate the yield of hydrogen peroxide (H2O2) during the ORR
measurements. Tafel slopes were calculated from LSV
measurements of each sample.
Table 1 Carbonization yield, mass contents of carbon (C), oxygen (O),
hydrogen (H) and phosphorus (P) obtained by elemental analysis for all
PDC-T materials

Sample Yield (%) C (wt%) O (wt%) H (wt%) P (wt%)

33 35.7 34.6 2.0 27.7

13 51.8 30.5 1.7 16.0

10 64.3 23.3 1.2 11.2

7 77.0 15.1 0.6 7.3
Results and discussion
Physicochemical properties of PDC-T materials

Fig. 1 illustrates the green synthesis process used to produce the
PDC-T series. The corresponding carbonization yields are listed
in Table 1 and range from 33% at 700 °C to 7% at 1000 °C. Such
a decrease could be related to the removal of phosphorus and
oxygen groups from PA. To shed light on that, elemental anal-
ysis results for carbon, oxygen, phosphorus, and hydrogen
contents are shown in Table 1. These data reveal a signicant
1272 | RSC Sustainability, 2023, 1, 1270–1277
reduction in phosphorus and oxygen content, indicating that
the removal of phosphate groups is likely responsible for the
lower carbonization yield. The presence of six units of
phosphate-type moieties per PA molecule can account for the
diminished carbonization yield associated with this reagent.
Moreover, the data indicate that the heat treatment temperature
has a signicant impact on the heteroatom content of the PDC
materials, as evidenced by the decrease in the proportions of
oxygen, phosphorus, and hydrogen with increasing tempera-
ture. This is accompanied by a corresponding increase in
carbon content as other heteroatoms are removed during the
heat treatment.

The ABET values obtained from the N2 adsorption isotherms
(Fig. 2a) exhibit a notable variance depending on the carbon-
ization temperature (Fig. 2b). At 700 °C, the material shows an
N2 isotherm typical of low-surface area or non-porous materials,
as supported by the values shown in Fig. 2b. Nonetheless, there
is a considerable and gradual rise in ABET with increasing
temperature. The values are 211 m2 g−1 for PDC-800, 723 m2 g−1

for PDC-900, and 960 m2 g−1 for PDC-1000.
The gas release during heat treatment leads to the develop-

ment of a microporous structure in the PDC materials (see the
pore size distributions, PSDs, in Fig. S1†).

This, in turn, explains the observed increase in ABET. The
widening of the knee in the N2 isotherms at p/p0 > 0.05 indicates
the presence of supermicropores, which range from 0.7 to 2 nm
in width, with increasing carbonization temperature. This is
also reected in the widening of the PSDs, which should facil-
itate the diffusion of ions and gases to and from the surface.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) N2 adsorption (full symbols) – desorption (empty symbols) isotherms of the PDC-T series; (b) plot of ABET obtained from N2 adsorption
isotherms; (c) XRD patterns of the PDC-T series and TEM image of PDC-900 (inset); (d) Raman spectra of PDC-900; and (e) plot of ID/IG ratio
obtained from Raman spectra.
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Transmission Electron Microscopy (TEM) is a powerful
imaging technique used to examine the structure and
morphology of materials at the nanoscale. In the case of the
PDC-T material, TEM images (see the inset in Fig. 2c for PDC-
900) reveal the characteristic morphology of a highly disor-
dered pore network. These pores are assumed to form during
the carbonization process and have sizes in the range of a few
nanometers, consistent with the results of the N2 adsorption
characterization. It has been shown that such a type of complex
and interconnected network with a wide range of pore sizes
could facilitate the diffusion of gases or ions within the
material.45

The PDC-T materials were also analyzed by XRD and the
results are presented in Fig. 2c. A broad (002) diffraction band
centered at 2q = 23°, indicative of amorphous carbons in which
the parallel aromatic carbon sheets are randomly twisted with
respect to each other, was observed in all samples. This is
consistent with the high degree of disorder observed in the TEM
image (inset of Fig. 2c). However, the higher the heat treatment
temperature, the higher the intensity of the diffraction band
centered at 2q = 43°, referred to as the (101) carbon plane. The
increase in the intensity of this second band suggests that high-
temperature heat treatment promotes the formation of larger
graphitic domains in the carbon structure, leading to an
increase in the order along the planar direction.46

The Raman spectrum of PDC-900 in Fig. 2d displays the two
characteristic bands commonly found in carbon materials. The
D band, which appears around 1350 cm−1, is related to defects
in the carbon layers and to heteroatoms, while the G band,
which appears at 1590 cm−1, corresponds to the elongation
© 2023 The Author(s). Published by the Royal Society of Chemistry
mode of C–C in the aromatic rings and to sp2 carbon vibrations.
The (ID/IG) ratio is calculated based on the intensities of the D
and G bands. ID/IG is a widely recognized as a quantitative
measure of the degree of graphitization in carbon-based mate-
rials. In amorphous carbons, the development of the D band
indicates ordering, exactly opposite from the case of graphite.47

A higher the ID/IG ratio signies a decreased presence of defects,
disorder, or amorphous carbon regions within the material,
indicating a more organized carbon structure.

Conversely, lower values of the ID/IG ratio suggest a higher
level of disordered carbon structure. The increasing ID/IG ratio
with heat treatment temperature, shown in Fig. 2e for all PDC-T
materials, indicates an increase in the degree of order at the
nanoscale, consistent with the second stage of the ordering
trajectory described by Ferrari and Robertson,47,48 which is also
in line with the XRD results.

To investigate the surface chemical changes occurring
during heat treatment, X-ray photoelectron spectroscopy (XPS)
was performed on all PDC-T materials. Table S1† summarizes
the carbon, oxygen, and phosphorus contents on the surface of
these materials. Fig. 3a displays the P 2p XPS spectra. As ex-
pected, the P content on the carbon surface decreases with the
temperature of the heat treatment (Fig. 3b). All carbonmaterials
exhibit a peak at 134.1 eV, which is attributed to C–O–P species,
namely C–O–PO3-type groups, coming from the initial PA
structure.49 Another peak appears at 133.1 eV, which is attrib-
uted to C–P species bonded with one or two carbon atoms, C2-
PO2 or C-PO3. Notably, Fig. 3c shows that the higher the
temperature of the heat treatment, the higher the contribution
of the C–P peak, reaching a maximum at 900 °C. These results
RSC Sustainability, 2023, 1, 1270–1277 | 1273
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Fig. 3 (a) P 2p XPS spectra, (b) P content, and (c) P–C/PT ratio of the
PDC-T series.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ni
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

6/
10

/2
02

5 
10

:1
9:

33
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
suggest a conversion of the C–O–P groups into C–P species at
high temperatures. However, for PDC-1000, the C–P-type
species do not seem to be stable, as there is a signicant
decrease in the contribution of the C–P peak compared to that
of PDC-900. In Fig. S2a,† the intense peak observed at 284.7 eV
in the C 1s spectra is attributed to the presence of graphitic
carbon with sp2 hybridization,50 which supports the formation
of graphitic domains also evidenced by the Raman and XRD
experiments. Additionally, the C 1s spectra exhibit peaks cor-
responding to different functional groups, such as alcohol or
C–O–P groups at 286.3 eV, carbonyl groups at 287.4 eV, and
carboxylic or ester groups at 289.1 eV.51 The contribution of C–
O-type species (blue line) decreases above 800 °C, whereas the
contribution of C–P species increases at this temperature,
which is consistent with the P 2p spectra.52 The O 1s XPS spectra
(Fig. S2b†) show characteristic peaks of C]O or P]O bonds at
531.1 eV, as well as C–O–H or C–O–P groups at 533.0 eV and
aromatic C]O or P–O–P groups at 534.6 eV.53
Electrochemical properties of PDC-T materials

The electrocatalytic performance of the as-prepared PDC-T
materials towards the ORR was evaluated in a 0.1 M KOH
solution. Fig. 4a shows the CV proles recorded in an aqueous,
N2-saturated, 0.1 M KOH solution at 50 mV s−1, prior to elec-
trocatalytic testing. A nearly rectangular CV prole, which is
a typical feature of carbon materials with excellent electrical
conductivity and well-developed textures, was observed in all
materials. The improved electrochemical double layer capac-
ities found in PA-derived carbons obtained at high tempera-
tures can be attributed to enhanced electrical conductivity
resulting from condensation reactions occurring at elevated
temperatures. These reactions frequently lead to a higher
degree of graphitization in carbon materials and increased
electron mobility.54

However, the notable variations in electrochemical double
layer behavior are primarily attributed to the surface area
development of carbon materials through heat treatment.
Indeed, pyrolysis at higher temperatures promotes the devel-
opment of micropores, which increases the surface area and,
1274 | RSC Sustainability, 2023, 1, 1270–1277
consequently, enhances the formation of the double-layer. In
order to evaluate the electrocatalytic activity of the PDC-T
materials for the ORR, linear sweep voltammetry (LSV) tests
were performed under O2-saturated, alkaline conditions (0.1 M
KOH). The results are presented in Fig. 4b, from which the
potential required to reach −0.1 mA cm−2 (EONSET) was deter-
mined and used as a descriptor to evaluate the electrocatalytic
activity in the ORR. The electrocatalytic behavior of the mate-
rials improved with increasing the heat treatment temperature.
The EONSET value of PDC-700 was found to be 0.77 V vs. RHE,
while PDC-800 exhibited a similar EONSET value of 0.78 V vs.
RHE. In contrast, the EONSET values for PDC-900 and PDC-1000
were 0.83 V and 0.82 V vs. RHE, respectively. This suggests that
temperatures above 900 °C are required to form the most active
sites for ORR in P-doped carbon materials.

The active sites appear to be attributed to C–P-type groups
produced from C–O–P groups. Although this transformation
slightly begins at 700 °C, it occurs mainly during high-
temperature treatments (800–1000 °C), as observed by XPS.

The ORR performance of the electrode materials is not only
related to the electrocatalytic activity but also to the number of
transferred electrons, which is an indication of the selectivity of
the reaction. The closer the number of electrons transferred
during the ORR is to four, the higher the energy produced in
fuel cells or metal-air batteries. In addition, a 2-electron
pathway indicates the production of hydrogen peroxide, which
is corrosive and can easily damage most components of these
electrochemical devices. Therefore, to assess the mechanisms
involved in the ORR for each material, it is also necessary to
quantify the production of H2O2 during the reaction. Fig. 4c
shows the H2O2 formation for all materials, which mainly
exhibit moderate H2O2 production, around 50%. Nevertheless,
the samples obtained at the highest temperatures show the
lowest H2O2 production, especially PDC-900, which also
suggests the presence of different active sites than those
observed in the materials treated at different temperatures.
Additionally, the materials obtained at temperatures above
900 °C exhibit a larger ABET that promotes the retention of the
H2O2 in the micropores. A higher retention time increases the
possibility of reaching new active sites, where H2O2 can be
reduced further to water molecules through a 2 + 2 electron
mechanism:55

O2 + 2H2O +2e− / H2O2 + 2OH−

H2O2 + 2e− / 2OH−

Tafel slopes were obtained to investigate further the kinetics
and mechanisms of electron transfer at the active sites of these
PDCs.

As shown in Fig. 4d, the Tafel slopes were very similar, from
110 to 80 mV dec−1, suggesting that the electron transferred to
the OH on the surface to produce OH− in the last step of the
process is the rate-limiting stage for the ORR in all materials.56

The operational stability of the sample with themost positive
EONSET, PDC-900, was tested by comparing the LSV curve before
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Cyclic voltammetry in 0.1 M KOH, N2-saturated solution at 50 mV s−1; (b) linear sweep voltammetry in 0.1 M KOH, O2-saturated
solution at 1600 rpm; (c) H2O2 formation; (d) Tafel slopes of all PDC-T materials; (e) stability of PDC-900 under continuous LSV cycling; (f)
literature comparison of the ORR performance of other P-doped materials (unfilled circles) to PCD-900 (red solid circle).
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and aer 1000 cycles. The data presented in Fig. 4e revealed that
PDC-900 exhibits high stability, with a decay of only 0.02 V aer
1000 cycles. Therefore, PDC-900 was found to be a promising
electrocatalyst for the ORR due to its high electrocatalytic
activity, with low H2O2 production and great stability under the
working conditions. This behavior of PDC-900 could be attrib-
uted to the presence of C–P bonds. Theoretical studies have
demonstrated that phosphorus atoms present in C–P-type
models exhibit a signicant positive charge density.57 This
positive charge density serves as active sites capable of chem-
isorbing the dioxygen molecule, thereby initiating subsequent
ORR reactions.58 Furthermore, the introduction of phosphorus
heteroatoms can induce the creation of metallic states within
the carbon material,59 thereby enhancing the electrical
conductivity of the carbon materials.

This, combined with the large ABET, promotes greater
accessibility to active sites to reduce H2O2molecules to water via
a 2 + 2 electron pathway. Furthermore, this material, which
exhibits competitive electrocatalytic performance compared to
the most recent PDCs found in the literature (Fig. 4f and Table
S2†), is obtained by a simple and ecological method.

It is indeed worth mentioning that the PDC materials in
the literature are prepared by more complex, costly or
polluting syntheses, which highlights the relevance of the
method proposed of this study. Specically, the material with
the highest performance (yellow circle in Fig. 4f) was
synthesized using a high-cost template,60 while the other
PDCs in the literature were prepared by multi-step synthesis
methods (green circle),61 using expensive P-containing
precursors (violet circle),62 organic solvents (brown circle)63
© 2023 The Author(s). Published by the Royal Society of Chemistry
or the synthesis of carbon nanotubes as the carbon source
(blue circle).64
Conclusions

A highly efficient P-doped carbon (PDC) for the ORR has been
successfully synthesized through a green and simple method
involving the carbonization of phytic acid (PA) at 900 °C. The
resulting sample exhibits an EONSET of 0.83 V vs. RHE, which is
comparable or better than state-of-the-art P-doped carbon-
based electrocatalysts. Extensive characterization of the PDCs
prepared by heat treatment at temperatures ranging from 700 to
1000 °C provides insights into the evolution of the surface
chemistry of the materials. In particular, this study shows that
the C–P content reached its maximum value at 900 °C, in
agreement with the highest electrocatalytic activity, suggesting
that C–P-species are responsible for the improved ORR. These
interesting results open up possibilities for developing new
ORR electrodes based on phosphorus as a doping agent in
carbon materials. Overall, this study demonstrates the potential
of PA-derived carbon materials in energy conversion, with
a specic emphasis on their usefulness in ORR electrocatalysis.
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34 J. Qúılez-Bermejo, E. Morallón and D. Cazorla-Amorós,

Carbon, 2020, 165, 434–454.
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