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ABSTRACT: An extremely simple and rapid (seconds) approach is reported to
directly synthesize gram quantities of P-doped graphitic porous carbon materials
with controlled P bond configuration. For the first time, it is demonstrated that
the P-doped carbon materials can be used as a selective metal free catalyst for
aerobic oxidation reactions. The work function of P-doped carbon materials, its
connectivity to the P bond configuration, and the correlation with its catalytic
efficiency are studied and established. In direct contrast to N-doped graphene,
the P-doped carbon materials with higher work function show high activity in
catalytic aerobic oxidation. The selectivity trend for the electron donating and
withdrawing properties of the functional groups attached to the aromatic ring of
benzyl alcohols is also different from other metal free carbon based catalysts. A
unique catalytic mechanism is demonstrated, which differs from both GO and N-
doped graphene obtained by high temperature nitrification. The unique and
unexpected catalytic pathway endows the P-doped materials with not only good catalytic efficiency but also recyclability.
This, combined with a rapid, energy saving approach that permits fabrication on a large scale, suggests that the P-doped
porous materials are promising materials for “green catalysis” due to their higher theoretical surface area, sustainability,
environmental friendliness, and low cost.
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Catalytic oxidation of inexpensive and widely available
chemicals to produce high value-added chemicals
remains a significant task in many important current

industrial and fine-chemical processes. Ideal catalytic oxidation
processes would use nontoxic sustainable catalysts and the most
environmentally benign and abundant oxidants, such as
molecular oxygen (O2), with good conversion and selectivity.
A wide range of homogeneous and heterogeneous transition
metal-based catalysts have been developed for these reactions.
Unfortunately, many metals are not widely available and/or are
toxic, which presents sustainability and environmental
challenges. For these reasons, there is ever increasing interest
in developing sustainable and eco-friendly, metal-free “carbon
based catalysts”, including graphene and other nanocarbon
based catalysts.1−5

Compared to traditional metal based catalysts, carbon based
materials provide additional advantages because the existence of
giant π structures promotes strong interactions with various
reactants. More importantly, its physicochemical and electronic
properties, which in principle determine the catalytic properties

of a material, can be tailored and fine-tuned by molecular
engineering and/or heteroatomic doping.6 A plethora of
reports have demonstrated that doping of heteroatoms into
graphene and other carbon based materials gives rise to
enhanced performance in electrocatalytic oxygen reduction
reaction (ORR), when compared to their undoped ana-
logues.7−10 Compared to ORR, studies that use doped and/
or co-doped carbon materials as catalysts for selective organic
synthesis are in their early stages of development, although a
great potential has already been demonstrated.11 Importantly,
these carbocatalysts merge the benefits of green synthesis with
heterogeneous reaction conditions, which greatly simplifies
workup conditions and is particularly attractive from an
industrial standpoint. However, there are few reports
demonstrating that carbon based materials match the efficiency
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and recyclability of transition metal catalysts.11 On the other
hand, limited “types” of graphene and carbon materials have
been explored so far.2,12−15 The majority of the research has
been focused on graphene oxide (GO) possibly due to its large
availability.16−18 Carbon materials doped with nitrogen (N)
and N co-doped with other heteroatoms have been explored for
C−H activation and aerobic alcohol oxidation.12,15,19,20 Among
three types of nitrogen species doped into the graphene lattice,
pyridinic N, pyrrolic N, and graphitic N, the graphitic sp2 N
species were established to be catalytically active centers for the
observed catalytic performance. However, the requirement of
high temperature to fabricate the graphitic sp2 N violates the
original idea for energy saving and sustainability.21 Further-
more, the planar structure of graphitic sp2 N brings difficulties
in overcoming substrate steric hindrance effects, which causes
limited catalytic reaction scope of N-doped carbon materi-
als.20,22

Recently, growing interest has emerged in phosphorus (P)
doped carbon materials.23−26 P has the same number of valence
electrons as N, making P-doped carbon materials also electron
rich.24 The polarity of the C−P bond is opposite to that of the
C−N bond due to lower electronegativity of P atoms (2.19)
than C (2.55), making P partially positively charged and
possibly the catalytic sites,27,28 instead of the neighboring C
atoms as in the N-doped carbon materials.12,15,19 Furthermore,
as the diameter of P is much larger than C, P-doping results in
more local structural distortion of the hexagonal carbon
framework and in such a configuration, P protrudes out of
the graphene plane.27,28 Finally, when compared with N-
doping, distinct effects by P-doping may also arise from the
additional vacant 3d orbitals and the valence electrons in the
third shell. All these characteristics empower P-doped carbon
materials to overcome the steric hindrance effects encountered
in N-doped carbon materials.12,20 However, experimentally,
most of the approaches for P-doping necessitate accompanying
O doping, forming various P and O containing functional
groups.25,26,29 How these functional groups, and the bonding
configuration of P in a carbon matrix, influence the electronic
property and therefore its catalytic performance remains
unknown. Furthermore, most of the P-doped materials were
fabricated via high temperature annealing for long period of
time in an inert environment, which also violates the original
idea for energy saving and sustainability.
Herein, we report an extremely simple and rapid (seconds)

approach to directly synthesize gram quantities of P-doped
porous carbon materials from abundant biomass molecules.
The work function of P-doped carbon materials and its
connectivity to the P bond configuration in the carbon matrix
have been studied via PeakForce Kelvin probe force
microscopy (PF KPFM). Most significantly, the capability of
the P-doped carbon materials as metal free catalysts for aerobic
oxidation reactions have been demonstrated for the first time.
As expected, unlike N-doped carbon material, the steric
problem does not exist for P-doped carbon materials. The P-
doped materials can efficiently catalyze aerobic oxidation of
both primary and secondary benzyl alcohols to the correspond-
ing aldehydes or ketones. A kinetic study shows that the P-
doped carbon material has activation energy of ∼49.6 kJ mol−1

for benzyl alcohol oxidation, which is lower than N-doped
carbon (∼56.1 kJ mol−1)20 catalyst and similar to Ru based
catalysts (∼48 kJ mol−1).30,31 Further, to our surprise, the P-
doped carbon materials with higher work functions show higher
capability in catalyzing aerobic oxidation reactions, which is

opposite to the trend when N-doped carbon materials are used
as metal free catalysts for aerobic oxidation reactions20,32 and
electrochemical catalysts for ORR.33 The P-doped materials
also exhibit a different selectivity rule for electron rich and
electron deficient molecules compared to other heteroatom
doped carbon materials.20,34 The reaction pathway was studied
to understand these questions. We found that molecular oxygen
is not involved in the first step of aerobic oxidation of benzyl
alcohol; however, it is required to regenerate the catalytic sites
on the P-doped carbon materials. The unique and unexpected
catalytic pathway endows the P-doped carbon materials with
not only good catalytic efficiency but also recyclability, which is
a major challenge in GO based catalysis.18,35 This, combined
with rapid and energy saving approach to be able to fabricate
the material in a large scale, suggests that the P-doped porous
carbon is promising material for “green catalysis” due to their
higher theoretical surface area, sustainability, environmental
friendliness, and low cost.

RESULTS AND DISCUSSION
In this approach, a novel sustainable biomass molecule, phytic
acid, a well-known antinutrient molecule in food, was chosen as
our starting material. Phytic acid is a snowflake-like molecule,
containing 6 phosphorous acid “arms” (Scheme 1). The

existence of both high levels of C and P in one molecule
ensures uniform P doping in the fabricated carbon materials.
Most importantly, phytic acid strongly absorbs microwave
energy. Therefore, the as-purchased phytic acid solution can be
directly used for the fabrication of P-doped graphitic carbon
product (PGc) with microwave energy without requirement of
preheating and drying treatment and without adding additional
microwave absorber.36,37 This is very different from most
biomass molecules and organic materials that are typically
transparent to microwave energy, thus prohibiting their direct
use for microwave carbonization. Using microwave heating
instead of traditional heating ensures that the approach is
sustainable and has low energy cost. Furthermore, the
fabrication can be performed in air, under ambient conditions
without the requirement of inert environment, which makes
this approach even more cost-effective and convenient.
Figure 1 shows a scanning electron microscope (SEM) image

of the as-fabricated PGc which is obtained by subjecting the as-
purchased phytic acid solution (50 wt % in water) to short (40
s) microwave irradiation. PGc has a very unique structure in
which a porous carbon monolith sandwiched by two highly
wrinkled graphene-like sheets (Figure 1). The wrinkled
structure is possibly the result of P doping and the larger
diameter of P atoms compared to C atoms which induce local
geometrical distortion in the carbon network. Indeed, X-ray

Scheme 1. Schematic Drawing of PGc Synthesis from Phytic
Acid by Microwave Heating
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photoelectron spectroscopy (XPS) measurement (Figure S1
and Table S1) shows that PGc incorporates 4.9 atomic % P,
demonstrating that P is doped in the carbon matrix. Raman
spectroscopy was also used to characterize the PGc material. As
shown in Figure S3, the Raman spectra of the PGc shows G
band (∼1594 cm−1) and D band (∼1312 cm−1). The presence
of G band (1594 cm−1) confirms the presence of graphitic sp2

carbon in its structure. The intensity of D band (1312 cm−1)
and the intensity ratio (ID/IG) of D and G band are very similar
to those of GO and reduced GO (rGO). These results are
consistent with the previous reports that incorporation of
heterogeneous dopants, such as P and N, breaks the hexagonal
symmetry of the graphene plane, which leads to the high
intensity of D band in their Raman spectra.9,10,34 Furthermore,
the material has a large surface area (∼1200 m2/g), measured
via Brunauer−Emmett−Teller (BET) (Figure S4) and it is
highly thermally stable demonstrated from thermo gravimetric
analysis (Figure S5). All these features combined with the ease
of large-scale production should lead to a wide range of
applications of this material, including as metal free catalysts.
We first studied the catalytic efficiency of PGc for selective

oxidation of benzyl alcohol to benzaldehyde in aqueous
solution at different temperatures (Table 1). The conversion
increased with the reaction temperatures and it reached 48% at
100 °C without losing the selectivity to aldehyde (>99%, cf.
benzoic acid) (entries 1−4). In a control experiment without
PGc (entry 6) or with reduced GO (rGO) as the catalyst (entry
7), negligible conversion of benzyl alcohol is achieved,
demonstrating the critical role of PGc in this reaction. It is
worthy to mention that the conversion is 33.4% at 60 °C with
>99% selectivity to benzaldehyde (entry 11), which is
approximately three times higher than the conversion (entry
12) when N-doped graphene was used as the catalyst under
almost identical reaction conditions (catalyst loading 300 wt %,
and reaction time 10 h, except the reaction was performed at
slightly higher temperature 70 °C for N-doped graphene).20

Detailed kinetic study of the selective oxidation of benzyl
alcohol to benzaldehyde in aqueous solution by PGc catalyst
was also performed. Figure S6 shows the millimoles of
benzaldehyde formed as a function of the reaction time at
different temperatures (40−100 °C). From these linear plots,
we calculated the reaction rates (k) for benzyl alcohol
oxidation. Then, the apparent activation energy (Ea) is
calculated from the slope of the linear plot of ln k versus 1/T
(Figure S6B). According to the Arrhenius equation of ln k = ln
A − Ea/RT, the activation energy was calculated to be 49.6 kJ
mol−1, which is lower than that reported for N-doped carbon

catalysts (56.1 kJ mol−1)20 and similar to Ru metal based
catalysts (47.8 kJ mol−1).30,31 Moreover, unlike the N-doped
carbon catalysts,20 the PGc catalyst is able to catalyze the
oxidation of secondary benzylic alcohols (1-phenethyl alcohol)
with even better conversion (Table 1, entry 10). This is
probably due to the unique “protruding out” structure of
phosphorus atom in the graphene matrix, which is different
than that of nitrogen.
It was reported that the formation of a large amount of H2O2

byproduct seems to be unavoidable when using noble metal
based catalysts for selective oxidation of alcohols to aldehydes
by molecular oxygen.38 The generated H2O2 not only can
possibly further react with the aldehyde product, thus leading to
selectivity loss, but it could also etch the reaction equipment.
Therefore, it is worth mentioning that there is no detectable
H2O2 byproduct generated in the present reaction (Figure S7),

Figure 1. Scanning electron microscope (SEM) images of the as-fabricated PGc catalyst.

Table 1. Benzyl Alcohol Oxidation Catalyzed by PGc in
Watera

entry catalyst R
temp
(°C)

conversion
(%)

selectivity
(%)

1 PGc H 40 17.5 >99
2 PGc H 60 24.1 >99
3 PGc H 80 37.7 >99
4 PGc H 100 48.4 >98.5
5b PGc H 100 41.9 >99
6 no catalyst H 60 1.5 >99
7 rGO H 60 7.4 >99
8 PGc-30 H 60 17.6 >99
9 PGc-180 H 60 14.4 >99
10 PGc CH3 80 46.5 >99
11c PGc H 60 33.4 >99
12c N-doped

graphene20
H 70 12.820 100

aReaction conditions: 2.0 mg alcohol, 3.0 mg catalyst, 5 mL water,
oxygen balloon, 14 h reaction time. bReaction conditions: 20 mg
alcohol (0.2 mmol), 30 mg catalyst, 50 mL water, 1 atm O2, 7 h
reaction time. cReaction conditions: 0.1 mmol alcohol, 30 mg catalyst,
80 mL water, 1 atm O2, 10 h reaction time. Percent conversion to the
alcohol and % selectivity with respect to benzaldehyde calculated using
high performance liquid chromatography (HPLC). The superscripted
20 refers to numbered reference in the text.
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which is another advantage compared to transition metal
catalysis.38−40

For industrial applications, solvent free catalytic reactions are
preferred to avoid extra cost related to the use of and handling
of solvents. Previously, Bielawski reported that GO is capable of
catalyzing oxidation and hydration reactions in solvent free
conditions. To test whether PGc can also catalyze benzyl
alcohol oxidation without any solvent, neat benzyl alcohol was
heated to 80 °C for 48 h in the presence of different wt % of
PGc, under 1 atm of oxygen (Table 2). The % conversion with

PGc catalyst increases from 2.7% to 22% with the increase of
the amount of catalyst loading (entries 2−4). If the reaction is
performed under the same conditions, the catalytic efficiency of
PGc is similar or slightly better compared to GO reported by
Bielawski (entries 5−7).18 For example, the alcohol conversion
increases to 56% and 90% with 50 and 200 wt % catalyst
loading, respectively, at 100 °C for 24 h (entries 5−7). The
high aldehyde selectivity is largely maintained (≥96%). It was
reported that at 20 wt % GO catalyst loading, a dramatic
decrease in conversion efficiency from 24% to 5% was reported,
indicating that a majority of the catalytic sites have been lost
during the catalytic cycle. It has also been reported that the
graphitic N in N-doped graphene suffered from serious stability
issues.32 To test the recyclability of the PGc, we recovered the
PGc catalyst by filtration at the end of the reaction and recycled
the catalyst for eight runs. Significantly, with 50 wt % PGc
catalyst loading, the decrease in alcohol conversion and
selectivity was not obvious (Figure 2), which is in sharp
contrast to GO catalysts (Table 2, entries 9 and 10). With 20
wt % loading, the decrease in % conversion is much less
compared to that of GO (Table 2, entries 5 and 13). We further
compared the initial reaction rates for the fresh and the recycled
PGc catalysts. As shown in Figure S8, only a trivial decrease in
the reaction rate for the recycled PGc catalyst was observed. All
these results suggest that the PGc catalyst has much better
recyclability compared to GO.

To further shed light on the role of PGc in the oxidation of
benzyl alcohols, we fabricated different PGc materials. In brief,
by treating the dried PGc powder with microwave irradiation
for additional 30 and 180 s, we obtained different PGc
materials, which we named as PGc-30 and PGc-180,
respectively. The wrinkle and porous structures of these PGc
materials are similar to the original PGc. Detailed treatment
procedures and characterization can be found in the Supporting
Information (Figures S1−S3, S5, and S9). Next, we compared
the catalytic ability of these new catalysts with the original PGc
in the alcohol oxidation reaction in both aqueous and solvent
free conditions. As shown in Tables 1 and 2, the original PGc
shows the highest alcohol conversion. The PGc-180, which was
fabricated with the longest microwave irradiation time, shows
the lowest conversion, followed by PGc-30 (Table 1, entries 8
and 9, and Table 2, entries 11 and 12) (vide inf ra).
The reactivity of the P-doped carbon materials for different

types of alcohols was further explored using a variety of
primary, secondary benzylic (1-phenethyl alcohol), alicyclic
(cyclohexylmethanol) and linear (1-butanol) alcohols in
solvent free conditions and the results are summarized in
Table 3. We found that the PGc catalyst can catalyze secondary
benzylic alcohol oxidation (23.3% conversion, entry 1) but not
of aliphatic alcohols (entries 2 and 3), which is consistent with
the higher reactivity of the former substrates. Very interestingly,
we found that the electron donating and withdrawing
properties of the functional groups attached to the aromatic
ring of benzylic alcohols dramatically influenced the oxidation
efficiency. 4-CH3O-substituted benzylic alcohol reached >98%
conversion and >98% selectivity to benzyl aldehyde. In
contrast, the -NO2 substituted benzyl alcohol resulted in
negligible conversion (<2.5%) at the same reaction conditions.
This selectivity trend has been often observed in metal-
catalyzed oxidation of alcohols, but rarely in the metal free
catalysis. For example, N-doped material shows no selectivity as
the catalyst in the oxidation of benzylic alcohols with regard to
the properties of the substituents, with electron withdrawing
and donating groups showing almost the same reactivity.20

Interestingly, the N, S, O tri-doped porous carbon materials
show the opposite selectivity trend.34

We performed several control experiments to get insight into
the PGc catalyzed alcohol oxidation reaction. It was proposed
that doping with nitrogen in graphene matrix changes the
electronic structure of the adjacent carbon atoms, which then
react with oxygen to give peroxo-like species, which initiates the

Table 2. Optimization Experiments for Solvent Free Alcohol
Oxidation Catalyzed by PGca

entry catalyst
conversion

(%)
selectivity

(%)
TON

(× 10−2)

1 No catalyst <0.1 100 NA
2 2.5 wt % PGc 2.7 >99 1.10
3 5 wt % PGc 5.1 >99 1.03
4 50 wt % PGc 21.7 98 0.44
5b 20 wt % PGc 27.5 96.4 1.40
6b 50 wt % PGc 56.1 95.7 1.14
7b 200 wt % PGc 90.2 96.3 0.46
8 5 wt % GO 3.7 >99 0.75
9 50 wt % GO 13.0 95 0.26
10 50 wt % re-GOc 4.2 95 0.09
11 50 wt % PGc-30 14.9 97 0.30
12 50 wt % PGc-180 8.4 94 0.17
13b 20 wt % recycled PGcd 22.5 96.1 1.14

aReaction conditions: 50 mg catalyst, different weight of benzyl
alcohol to make different wt % of catalyst, 1 atm O2, 80 °C, 48 h.
bReaction was performed at 100 °C for 24 h. cre-GO is the catalyst,
recovered from entry # 9. dPGc catalyst is recovered from entry # 5.
Percent conversion to the alcohol and % selectivity with respect to
benzaldehyde calculated using 1H NMR. The turnover number
(TON) was calculated as a ratio of the (mol of oxidized product)/
(mass of catalyst).

Figure 2. Recycling the PGc catalyst for benzyl alcohol oxidation.
Reaction condition: 50 mg catalyst, 100 mg benzyl alcohol, 1 atm
O2, 80 °C, 48 h.
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oxidation reactions.7,15 P has the same number of valence
electrons as N, and both theoretical and experimental studies
have demonstrated that P-doped graphene and other graphitic
carbon materials are also capable of activating molecular
oxygen, which facilitates electrochemical oxygen reduction
reaction (ORR).9,23,25,41 Thus, it is reasonable to expect that
the oxygen activation is the initial step in the catalytic PGc
oxidation reactions, similar to N-doped graphene. If this is true,
the work function of the PGc, which is closely related to its
electronegativity and ionization energy, should correlate with
the catalytic activity.42 Very recently, Cheon et al. demonstrated
that the enhanced ORR activity in doped nanocarbons is
closely correlated with the variation in their nanoscale work
function.33 It was reported that among three types of nitrogen

species doped into the graphene lattice, namely pyridinic N,
pyrrolic N, and graphitic N, only the graphitic sp2 N species
contribute to decreasing the work function of N-doped
graphene.43 Accordingly only the graphitic sp2 N species were
established to be catalytically active centers for the aerobic
oxidation reactions.15,20 We hypothesized that PGc with lower
work function should have better catalytic activity. We used
PeakForce Kelvin probe force microscopy (PF-KPFM) to study
the work function of the PGc fabricated with different
microwave irradiation conditions (see details in Supporting
Information). Unexpectedly, the PGc, which exhibited the
highest activity in the oxidation of benzyl alcohol, has the
highest work function (Figure 3A,B and Figure S10A,B). PGc-
180, which showed the lowest reactivity, has the lowest work
function (Figure 3C,D and Figure S10C,D). These unexpected
results prompted us to reconsider whether O2 is involved in the
initiation step of the reaction.
For previously reported catalytic aerobic oxidation reactions,

which involve oxygen activation in the first step of the reaction,
the conversion decreased dramatically when the reaction was
performed in an O2 free environment.20,32,44 To determine
whether the first step of oxidation using PGc catalyst involves
activation of O2 to form peroxo like species as N-doped
graphene and other graphitic carbon materials, the oxidation
reaction was performed under an atmosphere of N2, instead of
O2 (Table 4). After 48 h of reaction at 80 °C, 18% alcohol

Table 3. Catalytic Activity of PGc in the Oxidation of
Different Alcoholsa

aReaction conditions: 50 mg PGc catalyst, 100 mg alcohol, 1 atm O2,
80 °C, 48 h. bReaction was run for 24 h due to acetal formation.
Percent conversion and % selectivity calculated using 1H NMR. ND =
not determined (conversion <2.0%).

Figure 3. (A and C) Topography and (B and D) PF-KPFM images of PGc and PGc-180 catalysts, respectively.

Table 4. Recycling the PGc Catalyst in Benzyl Alcohol
Oxidation in the Presence of Different Environmenta

entry catalyst oxidant conversion (%) selectivity (%)

1 PGc N2 17.6 99.8
2 PGc-second cycle N2 3.2 99.9
3 PGc-third cycle O2 22.7 94.0

aReaction conditions: 50 mg PGc catalyst, 100 mg of alcohol, 1 atm
oxidant, 80 °C, 48 h. Percent conversion to the alcohol and %
selectivity with respect to benzaldehyde calculated using 1H NMR.

ACS Nano Article

DOI: 10.1021/acsnano.5b07054
ACS Nano 2016, 10, 2305−2315

2309

http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b07054/suppl_file/nn5b07054_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b07054/suppl_file/nn5b07054_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b07054/suppl_file/nn5b07054_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b07054/suppl_file/nn5b07054_si_001.pdf
http://dx.doi.org/10.1021/acsnano.5b07054


conversion was found, which is just slightly lower than that
under 1 atm O2 (23% conversion), indicating that some
functional groups on PGc are directly involved in the alcohol
oxidation reaction without the requirement for external O2.
Very interestingly, we found that the alcohol conversion
decreased significantly (3%) after the same PGc catalyst was
cleaned under N2 environment, and reused for the catalytic
reaction under N2 environment. However, % alcohol
conversion recovered back to 23% when the PGc catalyst was
recycled for the third time, but the reaction was performed in
the presence of 1 atm O2. Altogether, these results suggest that
O2 does not directly react with the substrate, yet it is needed to
regenerate the functional groups/active sites on PGc for the
catalytic oxidation. This is very different from GO, N doped,
and N, B co-doped carbon catalysts.12,15,18,20

To understand if free radical intermediates are involved
during the PGc catalyzed oxidation, we performed the benzyl
alcohol oxidation reaction (PGc catalyst, 1 atm O2) in the
presence of butylated hydroxytoluene (BHT, 20 wt %), a
known free radical quencher (Table 5). After 24 h, analysis of

the reaction mixture revealed that the same conversion and
selectivity were reached, suggesting that the presence of BHT
did not inhibit the reaction. This result is very different from
GO catalyzed aerobic oxidation of alcohols in which a dramatic
decrease of the conversion efficiency was observed upon
addition of BHT, from 24 to 5%.18 This result is also different
from those of N and N, B co-doped graphene-like materials in
aerobic oxidation of benzylic compounds.12 In these cases, it
was found that including BHT in the reaction mixture
completely blocked the benzylic oxidation.
To find out the possible active sites on PGc catalysts, the

detailed chemical composition and the bonding configuration
of phosphorus atoms in the P-doped carbon materials were
studied by X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared spectroscopy (FT-IR). The XPS
spectra showed that the PGc contains mainly three elements, C,
O, and P, with atomic % of 74.0%, 21.2%, and 4.9%,
respectively (Figure S1, Table S1). The PGc material was
also analyzed by X-ray fluorescence spectroscopy (XRF) to
calculate % P in the bulk material and found to be ∼3 atom %
or ∼9 wt % (Figure S11). To determine the chemical bond
configuration of P present in the PGc, both the high resolution
P 2p peak and O 1s peak were deconvoluted (Figure 4). It is
worth mentioning that the peak deconvolution and assignment
are discussed in many papers.45 It is widely accepted that the P
2p peaks at higher binding energy (>132 eV) are P-containing
functional groups associated with −C−O−C, −OH, or O,
and the peak position shifts to higher binding energy as the
oxidation state of P becomes higher.45 For the sake of
simplicity, in this work the P 2p peak was deconvoluted into

two components. According to the most comprehensively
explained results in the literature, the peak centered at 132.5 eV
was assigned to P−C (28.4%), which suggested that P atoms
are indeed incorporated into the carbon lattice. The peak at
134.7 eV was assigned to P−O (∼71.6%) bonds, which
represents all the P-containing functional groups associated
with O.
The deconvolution of O 1s peak demonstrated that 62.6% of

the total oxygen is in the form of C−OH/P−OH, 16.0% C−
O−P/C−O−C, 10.5% CO/PO and 11.0% in the form of
adsorbed water/COOH functionality. It is difficult to differ-
entiate between CO and PO, C−O−P and C−O−C, and
P−OH and C−OH due to their very close binding energy. To
solve these problems, the PGc was further characterized with
FT-IR spectroscopy (Figure 5). The spectra of GO and rGO is
also displayed for comparison. Unlike GO, PGc does not show
the strong peaks at 1719 cm−1(CO stretching), 1410 cm−1

(C−O stretching in carboxylic acid or carboxylate) and 1230
cm−1(C−OH/C−O−C stretching).46,47 However, the spectra
clearly shows several peaks at 1166, 1131 (shoulder), 1035, 900
cm−1 (shoulder), and several weaker peaks (750−663 cm−1),
which can be assigned to PO stretching, P−C of P-aromatic
stretching, P−O−C, P−OH, and P−C.48,49 These results
demonstrate that mainly PO, instead of CO, exists in the
PGc, C−O−C groups are below the detection limit, and the
majority of −OH present in PGc is directly bonded to P with
abundant P−OH functionalities. Moreover, since the atomic
O/P ratio is ∼4 from XPS studies, some P atoms possibly
connect with two or more oxygen containing functionalities,
such as OH groups as schematically proposed in Scheme 1.
To study which functionality is important for the observed

catalytic activities of PGc, we carefully studied the functional
groups of PGc-30 and PGc-180 materials. The XPS spectra
showed that both catalysts, PGc-30 and PGc-180, have similar
amount of % O (13.52, 13.60% respectively), which is lower
than PGc (21.17% O) (Table S1). Furthermore, XPS and FT-
IR analysis showed that they (PGc-30 and PGc-180) contain
similar amounts of C−O−P and PO groups, while PGc-180
has the lowest content of P−OH functionalities as per O 1s
XPS peak analysis of PGc-180 catalyst (Figure 4 and Figure S12
and Table S3). Note that PGc-180 also exhibited the lowest
alcohol conversion, followed by PGc-30 and PGc, respectively,
suggesting that the P−OH functional groups on PGc are likely
to play an important role in the oxidation. On the other hand,
we have also performed benzyl alcohol oxidation reaction in the
presence of molecules containing PO and P−OH functional
groups, such as phytic acid and phosphorous acid. The reaction
does not proceed, which indicates the importance of the
graphitic regions on the PGc material for aromatic substrate
interaction.
On the basis of all the experimental results described above,

we have concluded the following important points regarding
the catalytic mechanism of alcohol oxidation by PGc. (1) The
PGc with higher work function shows higher catalytic activity,
which is opposite to that of N-doped graphene and other
graphitic carbon materials. (2) Molecular oxygen is not
involved in the first step of the reaction, which is also different
from N-doped graphene. However, the presence of oxygen is
critical for regenerating the active sites on the PGc catalysts. (3)
The coexistence of PO, P−OH functionalities along with the
graphitic regions on PGc play a pivotal role in the catalytic
alcohol oxidation reaction. (4) A radical inhibitor, BHT, does
not inhibit the oxidation reaction. (5) There are no detectable

Table 5. Benzyl Alcohol Oxidation in the Presence of
Radical Quenchera

entry catalyst radical inhibitor conversion (%) selectivity (%)

1 50 wt % PGc - 21.2 >99
2 50 wt % PGc BHT 22.2 98.6

aReaction conditions: 50 mg PGc catalyst, 100 mg of alcohol, 0.3 mL
acetonitrile, 1 atm O2, 80 °C, 24 h. Butylated hydroxytoluene (BHT,
0.1 mmol) is added in entry 2 for controlled reaction. Percentage
conversion for alcohols and % selectivity to benzaldehyde is calculated
using 1H NMR.
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H2O2 as byproduct generated during the reaction (Figure S7).
(6) In addition, the reaction is associated with loss of water
when reaction was performed under oxygen as demonstrated
by the presence of water peak in 1H NMR spectroscopy of the
final product mixture (Figure S13).
On the basis of these findings and previous reports using

P2O5 to accelerate the oxidation of alcohols50 and carbohy-
drates,51 and especially, a recent finding suggesting the
importance of ketonic O in catalysis of benzylic alcohol
oxidation,52 we propose the following mechanism as shown in
Scheme 2 where primary benzyl alcohol is used as an example.
In the first step of catalysis, condensation between the alcohol
and PO moieties on PGc takes place, and an alcoholate
intermediate is formed. The condensation is likely facilitated by
the interaction of the alcohol with the PGc surface by π−π
interactions with the graphitic domains and hydrogen bonding
with the polar groups (such as P−OH). In the second step of
the reaction, a rate determining H transfer takes place, possibly
through a cyclic transition state. This step is supported by the
linear Hammett correlation in the oxidation of 4-substituted
benzylic alcohols by PGc (Figure S14, plot of log k vs σ gives a
ρ value of −1.50, R2 = 0.98, independent rates), indicating

buildup of a positive charge in the transition state. The proton
transfer step is facilitated by P−OH moieties on PGc surface.
Notably, the observed Hammett rho value is in the range
reported for oxidation of benzylic alcohols using pyridinium
chlorochromate (−1.4 to −1.7)53−55 and much higher than that
reported for oxidation of benzylic alcohols via the radical
mechanism (−0.4).56−58 It is likely that the presence of
hydrogen bonding between the substrate and the PGc polar
groups stabilizes the transition state, enabling the alcohol
oxidation in the close proximity to the material surface. The
aldehyde product and a water molecule are released
simultaneously. Next, the generated P(III) groups on PGc
react with molecular oxygen to regenerate the P(V) centers for
further reactions, thus completing the catalytic cycle (Scheme
2). The PGc catalyst after the reaction was characterized via
FT-IR. The peaks at 1166 cm−1 (PO), 1035 cm−1 (P−O/C-
O), 900 cm−1 (shoulder, P−OH) have similar intensities as the
fresh PGc catalyst (Figure S15), indicating that the catalytic
sites are largely being regenerated during the reaction.
Moreover, recently, Hasegawa et al. demonstrated that the
reduced form of P functionalities, which were initially
introduced into the carbon matrix of graphene, were unstable

Figure 4. P 2p (A, C, E) and O 1s (B, D, F) peak deconvolution of different PGc catalysts, PGc, PGc-30, and PGc-180, respectively.
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and gradually oxidized and/or hydrolyzed by O2 and humidity
at ambient conditions and room temperature, leading to the
formation of oxidized P-containing functional groups.45 This
study also soundly supports the hypothesis that P−OH/PO
functionalities of PGc can be readily regenerated.
The excellent recyclability is one of the key advantages of

PGc compared to the GO based catalysts. Boukhvalov et al.
applied density functional theory (DFT) calculations on GO to
reveal that the partially reduced catalyst, which is different from
the inert graphite or pristine graphene, can be recharged by
molecular oxygen, allowing for catalyst turnover.35 However,
experimentally, it was reported that after the reaction, the GO
catalyst was transformed to rGO, especially at relatively low
catalyst loading such as 20 wt %. The recovered rGO has
similar electronic properties as rGO intentionally prepared by
other methods, indicating that regeneration of the active sites
under the reaction conditions did not occur fast enough.18

CONCLUSIONS

In summary, we have reported an extremely simple, energy
effective, and scalable approach to rapidly fabricate P-doped
carbon materials with controlled P bond configuration. For the
first time, we demonstrated that the P-doped carbon materials
can be used as a selective metal free catalyst for aerobic
oxidation of benzylic alcohols with >98% selectivity to
benzaldehydes. The P bond configuration influences the work
function of P-doped carbon materials. However, in sharp
contrast to N-doped graphene and other graphitic carbon
materials, the PGc material with higher work function shows
high activity in catalytic aerobic oxidation. On the basis of our
extensive experimental studies, a unique catalytic mechanism
seems to be operating when PGc catalysts are used, which is
different from both GO and N-doped graphene obtained by
high temperature nitrification. While the apparent conversion is
similar to GO, the key advantage compared to GO is that this
catalyst, even with low catalyst loading, can be reused multiple
times with simple filtration without losing its catalytic activity.
Compared to the N-doped graphene, not only the conversion
increased 3 times without losing selectivity, this catalyst also
shows no steric effect as both primary and secondary alcohol
can be converted with similar conversion efficiency. Finally,
while our study focused on alcohol oxidation, it is also worthy
to mention that phosphate functionalized carbon materials have
been used for acidic catalytic reactions,59 to increase the
selectivity of the oxidative dehydration reactions,60 and widen
the electrochemical potential window in high capacitance
applications.61 All these are due to the different P bond
configuration in these carbon materials, which in turn
demonstrated the rich P chemistry can be tailored to fit
different applications. Importantly, we have already demon-
strated that P carbon materials co-doped with other
heteroatoms, such as N, B, S, and Si, can also be fabricated
by this microwave assisted approach by simply adding a suitable
dopant precursor into the reactor.62 Altogether, combining
these facts with the capability of co-doping with other
heteroatoms via this simple microwave assisted approach, it is
reasonable to predict that tailored carbon materials can be
designed and quickly fabricated to develop more efficient and
metal free carbon based catalysts for wide range of reactions
and other sustainable applications.

METHODS
The synthetic procedure for all the catalysts (PGc, PGc-30 and PGc-
180 catalysts), GO, rGO is described in detail in the Supporting
Information. In brief, PGc was synthesized by heating the phytic acid
(Sigma-Aldrich, 50 w/w% in water, 1 mL) in domestic microwave
oven (1100W, Sanyo-EM-S9515W, 2.45 GHz) for 40 s. PGc-30 and
PGc-180 were synthesized by heating the PGc powder into domestic
microwave for 30 and 180 s, respectively. GO was synthesized by
modified hummers method with slight modification.46 The rGO was
synthesized by heating (500 mg of GO) in a microwave (CEM
discover SP) at 300 W for 40 s. For the catalytic alcohol oxidation
reaction, the catalyst, oxidant and solvent (if it mentioned in table
footnote) are mixed and sealed in desired atmosphere and heated in
oil bath at predetermined temperature and time (see detailed
description in Supporting Information). After completion of the
reaction, the reaction mixture was filtered via 0.02 μm syringe filter
and analyzed by HPLC or 1H NMR spectroscopy (see Supporting
Information for more detail).

Material Characterization. PF-KPFM measurements of the PGc
and PGc-180 catalysts were conducted using a Dimension ICON AFM
setup inside a nitrogen-filled glovebox where both H2O and O2 level

Figure 5. FT-IR spectra comparison of PGc with GO and rGO
catalysts.

Scheme 2. Proposed Mechanism of Benzyl Alcohol
Oxidation Catalyzed by PGc in the Presence of Oxygen As
an Oxidant
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were below 0.1 ppm. The tips used were PFQNE-AL (Bruker AFM
Probes), composed of a silicon nitride cantilever with a sharp silicon
tip. The morphology of graphene samples were studied using the
scanning electron microscopy (SEM, Hitachi S-4800). The sample for
SEM was prepared by directly adding the powder sample on a
conductive carbon tape. X-ray photoelectron spectroscopy (XPS)
characterization was performed after depositing a layer of the catalyst
to be studied onto a Si substrate. The thickness of the film on the
substrates was roughly 30−50 nm. XPS spectra were acquired using a
Thermo Scientific K-Alpha system with a monochromatic Al Kα X-ray
source (hν = 1486.7 eV). For data analysis, Smart background
subtraction was performed, and the spectra were fit with Gaussian/
Lorentzian peaks using a minimum deviation curve fitting method
(part of the Avantage software package). The surface composition of
each species was determined by the integrated peak areas and the
Scofield sensitivity factor provided by the Avantage software. The FT-
IR spectra of the samples (thin films deposited on ZnSe windows)
were acquired with a Thermo-Nicolet 6700 spectrometer (Thermo-
Electron Corp., Madison, WI), using a sample shuttle and a mercury−
cadmium-telluride (MCT) detector. Four blocks of 128 scans each
were coadded with 4 cm−1 spectral resolution and two levels of zero-
filling so that data was encoded every 1 cm−1. Thermo gravimetric
analyses (TGA) of the PGc samples were performed on a TGA
instrument (TA Instruments, Discovery TGA) from 40 to 900 °C at 5
°C/min under N2 flow (20 mL/min). The Raman spectra of the PGc
and other samples (deposited on Anodisc membrane) were collected
using Raman Microscope (Confocal) − Wi-Tec, Alpha 3000R with an
excitation laser at 785 nm. The X-ray fluorescence spectroscopic
(XRF) measurement was carried out using Horiba XGT-1000WR with
high purity Si detector. (See Supporting Information for more detailed
description about the sample preparation and characterization for all
the instrumental analysis.)
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