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ABSTRACT: A direct synthetic route to a tunable range of phosphorus-doped graphitic carbon materials is demonstrated via the 
reaction of benzene and phosphorus trichloride in a closed reactor at elevated temperatures (800-1050 °C). Graphitic materials of 
continuously variable composition PCx up to a limit of approximately x = 5 are accessible, where phosphorus is incorporated both 
substitutionally within the graphite lattice and as stabilized P4 molecules. Higher temperatures result in a more ordered graphitic 
lattice while the maximum phosphorus content is not observed to diminish. Lower temperatures and higher initial phosphorus content 
in the reaction mixture are shown to correlate with higher structural disorder. Phosphorus incorporation within directly-synthesized 
PCx, as both a substitutional dopant and in the form of interstitial, stabilized molecular P4, is demonstrated to occur with little oxygen 
contamination in the bulk (<4 at%), motivating promising future applications in fuel cells and alkali metal-ion batteries.

1. INTRODUCTION 

Carbon and phosphorus are both highly abundant elements 
and form numerous well-known elemental crystal structures 
and amorphous allotropes that are stable (or meta-stable) at near 
ambient conditions. Phosphorus alone has at least five known 
crystalline polymorphs, including the most common, white 
phosphorus (α-P4), a highly unstable and volatile compound. 
Carbon exhibits perhaps the most versatile bonding of any 
element, and exists in at least six distinct crystalline forms, of 
which graphite is the thermodynamically stable phase at 
ambient conditions. Both phosphorus and carbon form distinct, 
stable binary compounds with almost every element of the 
periodic table; a surprising exception is with one another.1-2 

Phosphorus doping of diamond and diamond-like carbon 
(DLC) films has been an active research pursuit for roughly 
three decades, and several synthesis methods have been 
reported.3-6 Low concentrations (<0.5 at%) of phosphorus are 
known to yield polycrystalline, n-type semiconducting diamond 
films, which are of great interest for diamond-based electronic 
devices (e.g., as “solar blind” photodetectors).7 Carbonaceous 
materials with higher phosphorus content (up to 25 at%) have 
also been reported, and found to be amorphous.8-11 This 
experimental work led to a series of dedicated theoretical 
studies of the crystal structure and stability of hypothetical 
binary carbon-phosphorus compounds, for which no bulk 
crystalline material has been discovered.12-16 Density functional 
theory (DFT) calculations predicted the existence of a defected 
zinc-blende structure of composition P4C3

16 and the stability of 
solid solutions of phosphorus in graphitic structures for P4C3+8n 

(n = 1, 2, 3, and 4).13 A semi-layered β-InS-like structure was 
also predicted by DFT calculations for the compound of 
composition PC3; in this structure, each phosphorus atom is 
bonded to three intralayer carbon atoms and forms a fourth 
interlayer bond to an adjacent phosphorus site (in tetrahedral 

geometry).14 Materials of composition PC have also been 
predicted, wherein all atoms are tetrahedrally coordinated and 
form a bilayer-type structure with alternating P and C lattice 
sites.15 Lastly, materials of composition P3C4, were found to 
have β-C3N4-like lowest-energy structures.16 None of these P-C 
binary materials have ever been synthesized in bulk, crystalline 
form. In the range of conditions explored in this laboratory up 
to and including this current report, high-phosphorus content P-
C materials have been found only to occupy the graphitic region 
of the binary phase diagram. 

Phosphorus doping of graphite and graphite-like carbon has 
been an emerging topic of recent research activity, but remains 
underexplored compared to other heteroatom dopants. Graphite 
is well-known to form solid solutions with many elements, 
especially neighboring boron and nitrogen, which can be 
exploited as a strategy to tune its electronic or other material 
properties.17-25 Investigations of such effects have largely been 
motivated by efforts to increase the capacity and tune the 
electrochemical binding of graphite toward alkali metal ions 
such as lithium, sodium, and potassium, for applications in 
batteries.26-31 Meanwhile, the yearly consumption of high-purity 
graphite is rapidly increasing owing to increasing production of 
batteries for mobile and medium-scale stationary energy 
storage.32 As in diamond, phosphorus-doping of graphite would 
be expected to contribute a donor level to the band structure, 
imparting n-type semiconducting characteristics similarly to 
nitrogen. However, all previous work has revealed that 
obtaining P-doped graphitic materials where the phosphorus 
species remain unoxidized (as opposed to as phosphate) is a 
significant challenge.33 Furthermore, no tunable synthetic route 
to bulk graphitic materials doped with phosphorus has been 
reported. To this end, and with similarity to recent work on 
substitutional boron-inclusion within bulk graphitic materials,23 
we hypothesized that widely tunable graphitic materials of 
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composition PCx could be obtained directly from two 
commonly available liquid precursors: phosphorus trichloride 
and benzene. 

In the search for a simple, direct synthesis route to graphitic 
PCx, we have selected phosphorus trichloride, PCl3, as the 
dopant precursor. PCl3 is commonly used as a primary source 
of phosphorus in organic34 and inorganic synthesis, especially 
for nucleic acids and phosphorus(III) ligands (e.g., fluorous 
biphase catalysts and pincer ligands),35 and is generally 
preferred over highly toxic phosphine gas, PH3, in organic 
reactions.36 PCl3 is itself synthesized from elemental 
phosphorus and chlorine gas,37 and is consumed on a massive 
industrial scale for the synthesis of glyphosate, the highest 
production agricultural chemical worldwide (production since 
1974 exceeding 8.6 × 109 kg).38 Phosphorus(III) can be made to 
bond with three phenyl groups by the reaction of PCl3 and 
chlorobenzene, yielding triphenylphosphine, a common, 
relatively air-stable organic reagent. Reactions of PCl3 with 
hydrocarbons is driven by the formation of HCl, a well-
exploited leaving group in organic chemistry. Benzene has been 
chosen as an ideal carbon precursor herein owing to its wide 
miscibility with PCl3

39 and sp2-hybridized bonding. 

In this work, we present a novel direct synthesis route to bulk, 
high phosphorus-content graphitic carbon (PCx) and describe its 
properties and potential applications. Oxygen-free liquid 
solutions containing the desired P:C ratio corresponding to x ≥ 
1 were directly pyrolyzed in sealed, evacuated quartz tubes at 
elevated temperatures, and the resulting bulk products were 
investigated. The structure of the so-obtained materials varies 
from highly defected, turbostratic graphitic carbon to 
nanocrystalline graphite, as determined by X-ray diffraction 
(XRD) and Raman spectroscopy. The composition was 
estimated by X-ray dispersive (EDX) spectroscopy, and the 
phosphorus chemical environment was probed by a 
combination of techniques: X-ray photoelectron (XPS) and 
solid-state NMR spectroscopies. A majority of the phosphorus 
in the bulk was found to exist in P-P and P-C bonding 
environments, with detectable P-O impurities near the material 
surface. A limit of phosphorus incorporation corresponding to 
~PC5 was suggested by the combined results from several 
independent techniques, indicating this composition to 
correspond to a model material for future investigations of the 
numerous expected applications of graphitic PCx. 

2. EXPERIMENTAL SECTION 

Direct Synthesis of Bulk PCx. A solution of phosphorus 
trichloride (99%, Sigma Aldrich) and benzene (anhydrous 
99.8%, Sigma Aldrich) was charged into a quartz reaction tube 
(~15 cm length, 0.9 cm inner diameter, closed at one end) inside 
a glovebox under inert atmosphere (Ar, < 0.5 ppm H2O, < 0.5 
ppm O2). The volume ratio of PCl3:C6H6 used to obtain a 
nominal composition “PCx” was determined as follows: 

0.1695 ∙ 	 											 1  

For example, a typical batch of nominal composition PC3 
contained a solution of volume ratio 57.8:29.4 μL. The open end 
of the tube was closed with a Swagelok ultra-torr adapter, 
removed from the glovebox, and placed in liquid nitrogen to 
solidify the precursor solution. In this state, the tube was 
connected to a stainless steel Schlenk line via the ultra-torr 

fitting, evacuated to 10-2 mbar, and then flame-sealed under 
vacuum. 

The sealed tube was placed on an elevated rack at the center 
of the uniform temperature zone of a chamber furnace 
(Carbolite CWF 12/13) and heated to the temperature setpoint 
along a specified heating ramp via a programmable PID 
controller (Eurotherm 3216). The set temperature was held for 
1-12 h, and then cooled to below 250 °C at which point the oven 
was opened and the tube removed. At ambient temperature, the 
tube was scored with a diamond-bladed saw and then carefully 
opened, releasing the over-pressure of gaseous reaction 
products into a fume hood (caution: fuming HCl, along with 
pyrophoric reaction products, is released during this step). The 
solid product was collected and washed with deionized water, 
acetone, and then water again, and then dried in air at 80 °C 
before further analysis. In some cases, the flakes adhered 
strongly to the quartz surface and could not be rinsed off; the 
reaction tubes were then filled with 10% aqueous HF and left 
standing for several hours before the product was collected. 

Note: all materials in this work are referred to by their 
nominal composition, “PCx”, where x refers to the molar ratio 
of P:C in the initial reaction mixture, and is found according to 
Equation 1. 

Materials Characterization. Powder X-ray diffraction 
(XRD) measurements were performed on a Rigaku Ultima IV 
diffractometer using Cu Kα1 radiation (λ = 1.54 Å) in reflection 
geometry. Samples were prepared for XRD by ultrasonication 
in acetone for 5 min and then dried at 80 °C. High-resolution 
scanning electron microscopy (SEM) of the (as-collected) free-
standing flakes was performed using a Zeiss SUPRA 55VP 
microscope with a field emission electron source operated at 
1.00 kV. Energy dispersive X-ray (EDX) spectroscopy of the 
as-collected flakes was performed using a JEOL JSM-6100 
scanning electron microscope equipped with two Röntec 
XFlash 1000 detectors and operated at 20 kV. Samples were 
prepared for SEM and EDX by depositing the as-collected 
material onto an aluminum puck using conductive carbon tape, 
and were investigated without further coating. Raman 
spectroscopy of the free-standing flakes was performed using a 
Renishaw inVia confocal microscope equipped with a 514 nm 
Ar-ion laser at an incident power of ~28 mW. 

X-ray photoelectron spectroscopy (XPS) was performed 
using a PHI 5600 spectrometer with monochromatic Al Kα 
radiation (1486.6 eV) as the excitation source. Samples were 
prepared for XPS by pressing the as-collected flakes into 
indium foil. The vacuum chamber was maintained at a pressure 
of ~10-9 mbar during measurements. The spectra were measured 
in duplicate with a resolution of 0.1 eV and analyzed with RBD 
Instruments’ AugerScan software using Gaussian-Lorentzian 
line shapes and a Shirley background. Depth profiles were 
obtained by sputtering a 2×2 mm area of the flake surface with 
a 2 keV Ar+ ion beam for specified periods of time (indicated in 
min) between measurements. 

Solid-State NMR. 31P and 13C solid-state nuclear magnetic 
resonance (NMR) spectroscopy was performed using a Bruker 
11.7 T spectrometer equipped with a triple resonance 2.5 mm 
solid-state probe head and an Avance III console. Samples were 
prepared for NMR by ultrasonication in acetone for 5 min, then 
dried at 80 °C, and filled into a 2.5 mm zirconia rotor. 
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All experiments were performed at room temperature, either 
in static mode or while spinning the sample at 20 kHz magic-
angle spinning (MAS) frequency. The 31P chemical shift was 
determined with reference to 85% H3PO4 in D2O and the 13C 
chemical shift was determined with respect to Si(CH3)4. The 
number of transients recorded was 2000 for 31P NMR 
experiments, and 16000-24000 for 13C NMR experiments. The 
classical Hahn echo pulse sequence was used for most 31P NMR 
experiments, and a simple 30°-one-pulse excitation sequence 
was used for all 13C NMR and some 31P NMR experiments (as 
indicated). All spectra were acquired without decoupling. The 
recycle delay was set to 2 s, the echo delay to 0.2 ms, and the 
pulse length for 90° flip angle experiments to 5 μs for 31P NMR 
experiments. The recycle delay was set to 2 s with a 1.7 μs 30° 
pulse for 13C NMR experiments. 

3. RESULTS 

Synthesis. Phosphorus incorporation within graphitic carbon 
is demonstrated to occur upon the pyrolysis of benzene in the 
presence of PCl3. This approach is referred to herein as the 
direct synthesis method, in analogy to the direct synthesis of 
boron-doped graphitic carbon materials using BBr3 as the boron 
precursor.23 Benzene and PCl3, like benzene and BBr3, are 
miscible liquids that can simply be combined under inert 
atmosphere to obtain high-purity stock solutions of any desired 
P:C molar ratio. An appropriate volume of this solution is then 
charged into a quartz reaction tube whose volume is large 
enough to accommodate the eventual release of gaseous 
byproducts (likely a mixture of HCl, H2, and/or Cl2) and sealed 
under vacuum. Upon heating, the gaseous precursor mixture is 
observed to undergo co-pyrolysis at temperatures above 550 °C. 
It is notable that the simplicity of this approach allows the 
reaction to proceed with minimal chance for exposure to oxygen 
and loss of phosphorus from the system. The proposed 
(unbalanced) chemical reaction is as follows: 

→ / 													 2  

For higher P:C ratios in the initial mixture, the production of 
Cl2 will be favored, while lower P:C ratios favor H2. The solid 
product of the reaction consists of large metallic flakes and/or 
curled needle-like flakes of brilliant, dark luster. The product is 
recovered primarily from the center of the reaction tube for 
samples of high phosphorus content, while from both the inner 
walls and the center of the tube in the case of lower phosphorus 
content samples. The thickness of the flakes varies between 2-
4 μm (see Figure 1). In many cases, spherical carbon-rich 
impurities (~3 μm in diameter) can also be observed to cover 
one side of the as-obtained flakes, possibly due to preferential 
growth of the flakes toward the center of the reaction tube.21 
The growth of such microspheres could not be reproducibly 
diminished by control of the temperature ramp when varied 
between 0.1-1 °C min-1, and no discernible trend with respect to 
their formation could be established. In very high phosphorus-
content samples, liquid white phosphorus droplets could be 
observed within the sealed reaction tubes after synthesis (see 
Figure S1) indicating incomplete incorporation of P within the 
graphitic solid product. 

Structure. The structure of directly-synthesized PCx was 
investigated primarily by X-ray diffraction (XRD) and Raman 
spectroscopy. The XRD patterns of all so-obtained PCx 
materials show a dominant, broad reflection centered at 2θ = 
23-26° (d-spacing of 3.45-3.85 Å) corresponding to the (002) 

reflection in graphite (see Figure 2). The broad XRD reflections 
(up to FWHM = 10°) indicate that the majority of the directly-
synthesized materials are highly disordered, with typical 
characteristics of turbostratic graphitic carbons obtained at 
temperatures of <1200 °C.40-41 Samples prepared at higher 
temperatures generally exhibit a narrower (002) reflection, with 
the narrowest (and therefore most ordered) material being PC5 
synthesized at 1050 °C. At both temperatures investigated, an 
abrupt structural transition is observed as a function of 
increasing (nominal) phosphorus content: between PC5 and PC4 
for samples synthesized at 800 °C, and between PC4 and PC3 
for samples synthesized at 1050 °C. The peak center abruptly 
shifts to lower angle upon this transition (shown by the purple 
dashed lines in Figure 2), and the peak width increases 
significantly. In general, the peak center of all materials 
indicates a larger d-spacing than that of crystalline graphite 
(3.35 Å), but the angular position of this reflection is known to 
have a complex dependence on turbostratic structure.41 For 
samples synthesized at 800 °C, the average d-spacing is 3.56 Å 
until abrupt transition to 3.85 Å at x ≤ 4. For samples 
synthesized at 1050 °C, the average d-spacing is 3.45 Å until 
abrupt transition to continuously larger d-spacings at x ≤ 3. 

 
Figure 1. SEM micrographs of typical bulk PCx materials 
obtained by direct synthesis from PCl3 and benzene. The dark 
metallic flakes vary in thickness between 2-4 μm. 
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Figure 2. XRD patterns of (top) PCx synthesized at 800 °C for 
1 h, varying nominal composition between 1 ≤ x ≤ 12, and 
(bottom) PCx synthesized at 1050 °C for 1 h, varying nominal 
composition between 1 ≤ x ≤ 12. Crystalline graphite (dotted 
line) is also shown for comparison. 

 

The Raman spectra of directly-synthesized PCx materials 
exhibit the typical features of disordered or nanocrystalline 
graphitic carbon (see Figure S2).42-43 All spectra show a 
prominent band centered at 1580-1590 cm-1 (the “G mode” 
corresponding to E2g phonons in graphite), a prominent band 
centered at 1350-1360 cm-1 (the “D mode” corresponding to A1g 
breathing vibrations of 6-membered rings, allowed only in the 
presence of disorder in the graphite lattice) and several broad 
features in the second-order region between 2300-3300 cm-1. 
The intensity of the D band indicates significant disorder in the 
graphitic structure of PCx, which could merely be the result of 
lowered symmetry due to the inclusion of phosphorus within 
the lattice; however, XRD results point to significant overall 
structural disorder due to incomplete graphitization at the 
relatively low temperature of synthesis employed in this work. 
Importantly, no Raman bands corresponding to P-P bonding 
networks as found in any of the common allotropes of elemental 

phosphorus are observed44-45 (although this result does not rule 
out the presence of P-P bonded molecular intercalant species46). 

Raman spectra of PC3 and PC5 synthesized at 800 and 1050 
°C, materials of compositions above and below the abrupt 
transitions detected in XRD measurements, are compared in 
Figure 3. For samples synthesized at 800 °C, no significant 
difference is observed between the “more ordered,” narrower 
interlayer spaced graphitic carbon (i.e., x ≥ 5) and the more 
disordered, wider spaced materials of higher nominal 
phosphorus content (i.e., x ≤ 4). All of these materials exhibit 
very broad, overlapping D and G bands, with an intensity ratio 
(ID/IG) of 0.90-0.95 that does not depend significantly on 
phosphorus content (see Figure S3). 

However, for samples synthesized at 1050 °C, several 
significant differences in the Raman spectra are observed as a 
function of increasing phosphorus content, especially between 
PC5 and PC3. At low nominal phosphorus content (i.e., x ≥ 5), 
the Raman spectrum exhibits D and G bands that are narrower 
and nearly baseline-resolved in addition to well-defined 
second-order Raman peaks, typical of more ordered 
nanocrystalline graphite.43 The intensity ratio between the D 
and G bands (ID/IG) varies between 0.67-0.94, which for many 
compositions is significantly lower than in materials 
synthesized at 800 °C, and is strongly dependent on nominal 
phosphorus content (see Figure S3). 

The measured ID/IG values, in combination with a G band 
position of ~1580-1590 cm-1, indicate that all directly-
synthesized PCx materials demonstrate graphitic structure 
intermediate between that of nanocrystalline and ordered 
graphite (within “stage 1” in the Ferrari and Robertson three-
stage model) as opposed to between nanocrystalline graphite 
and amorphous carbon.43 The 13C MAS NMR spectra of 
directly-synthesized PCx are also consistent with polycrystalline 
graphitic carbon (see Figure S4), showing a broad feature 
centered at δ = ~115 ppm that is indicative of exclusively sp2-
hybridization. 

 

 
Figure 3. Raman spectra of PC3 and PC5 synthesized at 800 °C 
and 1050 °C. Crystalline graphite (black) is shown for 
comparison. 

 

Composition. The elemental composition of directly-
synthesized PCx was investigated herein by a combination of 
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energy-dispersive X-ray spectroscopy (EDX) and X-ray 
photoelectron spectroscopy (XPS), as “bulk” and “surface” 
methods, respectively. The results of EDX analysis of all PCx 
materials synthesized in this work are shown in Figure 4. The 
phosphorus content is measured to vary from 4-16 at% across 
all samples measured, and does not depend on the temperature 
of synthesis. An upper limit of phosphorus incorporation within 
graphitic PCx is observed to occur in samples of nominal 
composition corresponding to x ≤ 3. In other words, higher P:C 
ratios in the initial reaction mixture (PC3, PC2, and PC nominal 
compositions) do not lead to higher phosphorus content in the 
resulting solid product. A roughly linear relationship exists 
between the nominal and measured phosphorus content in 
materials of lower nominal composition (corresponding to x ≥ 
4). The interaction depth corresponding to K-shell electrons is 
~5 μm in carbonaceous materials (considering the operating 
voltage of 20 kV),47 which implies that EDX spectroscopy is 
effectively a bulk measurement for the 2-4 μm thick flakes 
investigated in this work. The lack of a binary P-C reference 
material prevents the correction of EDX measurements for 
effects such as carbon tape contamination. Oxygen was also 
detected along with trace amounts of chlorine in all samples 
analyzed. 

 
Figure 4. Elemental composition of PCx samples synthesized at 
800 °C (filled symbols) and 1050 °C (empty symbols) as 
determined by EDX spectroscopy. The data are fitted (dashed 
purple line) in two regions as a visual guide, and compared to 
an ideal 1:1 dependence (dashed gray line). 

 

The oxygen content of directly-synthesized PCx was 
investigated in detail by XPS depth-profiling analysis. 
Measurements obtained at the surface of the as-synthesized 
flakes showed a significant content of oxygen species for all 
materials investigated. However, upon brief argon ion 
sputtering of the surface (e.g., 2 min), the oxygen content was 
observed to significantly diminish or disappear. Survey scans 
for PC5 synthesized at 800 °C are shown in Figure S5 as a 
function of sputtering time (i.e., depth below the sample 
surface). In this representative example, the total oxygen 
content is 8.7 at% at the surface, 2.6 at% after 2 min sputtering 
time, and 2.2 at% after 20 min sputtering time, corresponding 
to a final depth of ~80 nm below the original surface. The 

overall phosphorus content determined by XPS analysis is 
significantly lower than that determined by EDX analysis (e.g., 
3.8 at% in PC5) which indicates lower phosphorus occupation 
near the surface of the flakes than in the bulk. 

Phosphorus Environment. The nature of phosphorus 
inclusion within directly-synthesized PCx was examined herein 
by a combination of solid-state NMR spectroscopy and X-ray 
photoelectron spectroscopy (XPS) analysis. A series of 31P 
NMR spectra corresponding to PCx synthesized at 1050 °C are 
shown in Figure 5. Three distinct phosphorus environments are 
observed: a sharp signal at δ = ~0 ppm corresponding to 
tetrahedral P-O environments (i.e., phosphates), a broad signal 
from δ = 200 to -100 ppm corresponding to trigonal planar P-C 
environments (as in P-substituted graphite), and an intense 
signal at δ = -530 ppm corresponding to electron-rich, 
tetrahedral P4 molecules (as in white phosphorus). Notably, in 
materials of composition corresponding to x ≥ 5, the P-O 
chemical environments are barely detected above noise; a 
majority of the phosphorus exists in the form of P-C or P-P 
bonded species. In materials of higher nominal phosphorus 
content, P-O species are readily detected in addition to P-P 
species, while the P-C species become more difficult to detect 
owing to overlap of the P-O and P-C signals (see Figure S7). 

The origin of the width of the broad signal corresponding to 
P-C environments in the 31P NMR spectra of directly-
synthesized PCx was subsequently examined by two methods, 
as shown in Figure 6. In the first set of experiments, the role of 
homogeneous line broadening such as that originating from 
dynamics or relaxation effects was investigated. A spin echo 
experiment (0.2 ms echo time), also known as a Hahn echo, was 
performed in order to refocus inhomogeneous interactions, 
thereby filtering out any homogeneous contributions to the 
linewidth larger than 5 kHz;48 this experiment was then 
compared to a typical single 30° pulse (zg30) sequence 
experiment. No significant difference in linewidth was 
detected, indicating no significant contribution to the 
broadening of the P-C signal from homogeneous effects. This 
implies that the broad linewidth of this signal is likely due to 
one of several heterogeneous broadening effects, such as that of 
site disorder, dipolar coupling, or chemical shift anisotropy 
(CSA). 

In a second set of experiments, the contributions to 
broadening specifically from dipolar coupling and CSA were 
investigated. An experiment performed under static conditions 
was compared to an experiment under rapid spinning of the 
sample about the magic angle (54.7°), both with the same 
(zg30) pulse sequence.49-50 In this case, a small decrease in 
linewidth was detected under MAS conditions, implying that 
site disorder is likely the main cause of broadening in the P-C 
resonance. This narrowing is well explained by the averaging 
of the CSA which must be of significant magnitude due to the 
layered structure of directly-synthesized graphitic PCx. The 
results of these experiments (in combination with the results of 
Raman spectroscopy) can also be used to rule out a significant 
presence of red phosphorus in graphitic PCx, which would 
induce a broad, inhomogeneous signal around 50 ppm.51-52 

X-ray photoelectron spectroscopy is a complementary 
technique for comparison to solid-state NMR, allowing the 
identification and quantification of different chemical species at 
near the material surface instead of within the bulk.53 In 
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combination with ion beam milling, XPS can also provide a 
profile of these species as a function of depth below the surface. 
Spectra of directly-synthesized PCx were measured at three 
depths: at the surface of the as-synthesized flake, after 2 min of 
argon ion sputtering, and after 20 min of argon ion sputtering 

 

 
Figure 5. 31P MAS NMR spectra of PC, PC3, PC5, and PC8 
synthesized at 1050 °C, showing three distinct phosphorus 
environments within the bulk of the material: P4 (-530 ppm), P-
C species (200 to -100 ppm), and phosphate (~0 ppm). 

(e.g., see Figure S5). In all materials investigated, after only 2 
min of sputtering, the phosphorus is mainly present as bonded 
to other phosphorus (31P NMR results indicate this to be P4) and 
to carbon (31P NMR results indicate this to be trigonal planar P-
C bonding), as shown in Figure S6. A significant amount of the 
phosphorus at the unsputtered surface, however, is found to be 
oxidized (varying between 18-75% in different samples). This 
is somewhat to be expected since white phosphorus reacts 
spontaneously in contact with oxygen and even trivalent 
phosphorus incorporated in the graphitic lattice at the surface 
could potentially undergo oxidation into a pentavalent species. 

The bulk material bonding environments of phosphorus and 
their relative amounts within PC3 and PC5 synthesized at 800 
°C were investigated by XPS, after 20 min of argon ion 
sputtering (Figure 7). Both materials were found to contain the 
same three distinct contributions to phosphorus bonding in a 
similar distribution: ~71% P-P bonding environments (at 129.7-
8 and 130.5-6 eV), ~27% P-C bonding environments (at 131.2-
4 and 132.0-2 eV), and the balance (2-4%) P-O environments 
(at >133 eV).54 The six corresponding peaks (resulting from 
spin-orbit splitting) are highly overlapping, but each 
contribution to the XPS spectrum is justified by comparison to 
the solid-state NMR results (where the same three bonding 
environments were independently observed). Both P-C and P-P 
bonding are consistent with many of the theoretical PCx 
structures reported, especially the β-InS-like structure expected 
for carbon-rich compositions.11, 16 Only negligible difference in 
the distribution of phosphorus bonding environments was 
detected between PC3 and PC5 synthesized at 800 °C. 

4. DISCUSSION 

The direct synthesis of bulk phosphorus-doped carbon 
described herein is a simple (one-step, one-pot), easily tunable, 
and cost-effective method to obtain binary P-C graphitic 
materials of varying composition. This method is clearly 
distinguished from the majority of previous phosphorus doping 
or incorporation strategies that rely on phosphate-based 
precursors (e.g., phosphoric acid,55-58 phytic acid,59 or 
monoammonium phosphate60); the use of PCl3 provides a 
strictly oxygen-free phosphorus source that may also be 
promising for the P-doping of diamond-like and porous carbon 
materials. While oxygen contamination may not be possible to 
completely eliminate at the material surface (resulting from 
workup in air), this work has shown that little or no oxygen 
contamination of the bulk is accessible to a wide range of 
composition of graphitic carbon PCx materials. This may be a 
promising first step toward obtaining a bulk, crystalline, binary 
P-C compound for comparison with predicted structures. 

Interestingly, the degree of ordering and average interlayer 
spacing of directly-synthesized PCx materials differ 
significantly as a function of synthesis temperature and nominal 
P:C ratio. The average interlayer spacing, as measured by XRD, 
varies from 3.45-3.85 Å, corresponding to a range between 3-
15% larger than pristine graphite. In samples synthesized at 
high-temperatures, significantly higher structural ordering is 
evidenced by Raman spectroscopy for compositions up to x = 
4, whereupon further incorporation of phosphorus leads to 
severe disordering of the graphitic lattice. This distinct 
variability of structural character in PCx is in notable contrast to 
directly-synthesized boron-doped graphitic carbon (BCx) which 
exhibits highly disordered structure (evidenced by XRD and 
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Raman spectroscopy) at all compositions and synthesis 
parameters investigated.23 The atomic diameter mismatch 
between phosphorus and carbon is much larger than that 
between boron and carbon, and phosphorus might therefore 
have been expected to enact a larger strain on the graphitic 
lattice; this was not observed to be the case. 

 
Figure 6. 31P NMR spectra of PC5 synthesized at 1050 °C under 
different experimental conditions: a Hahn echo experiment 
under 20 kHz MAS (light green), a single 30° pulse (zg30) 
under 20 kHz MAS (light blue), and a single 30° pulse (zg30) 
in static mode (dark blue). 

 

An unexpected characteristic of phosphorus doping in 
graphitic carbon revealed by XPS and solid-state NMR results 
is the existence of at least two distinct phosphorus environments 
in bulk PCx: substitutional P-C type and molecular P4 (P-P) 
type. In comparison to boron doping of graphitic carbon, where 
the boron exists exclusively as a substitutional dopant within 
the graphitic lattice,23 phosphorus therefore causes a less 
significant overall disruption to the graphitic lattice. That is, 
until the limit on overall phosphorus-incorporation is reached, 
whereupon overwhelming disorder is effected on the graphitic 
lattice. Despite this difference, a similar range in total dopant 
content is observed for boron- and phosphorus-doped graphic 
carbon (x ≥ 5 for PCx compared to x ≥ 3 for BCx). 

The wide compositional tunability accessible in directly-
synthesized PCx is not appreciably limited by increased 
synthesis temperatures of up to 1050 °C, as shown in Figure 4. 
A maximum of 16 at% phosphorus was detected in samples of 
(nominal composition) PC3, which corresponds to a measured 
stoichiometry of ~PC5. The difference between the nominal and 
measured content is attributable at least in part to systematic 
error; additional carbon is inherently present in the EDX sample 
environment due to the carbon-based adhesive used to mount 
the samples. This maximum content of phosphorus, if properly 
corrected for, could thus correspond to an actual composition of 
up to x = 3, which is close to the limit previously reported for 
amorphous PCx films.14 Beyond this apparent limit, directly-
synthesized PCx undergoes large structural changes consistent 
with reduced structural ordering, an abrupt shift to wider 
interlayer spacing, and higher phosphate content as detected by 
31P NMR. Together, these results suggest that a model material 
for future investigations lies between 5 ≥ x ≥ 3. Such a high 

content of phosphorus, where a significant quantity exists as 
substitutional dopant within the graphitic lattice, is expected to 
be especially promising for application in the electrocatalysis of 
the oxygen reduction reaction (ORR)56, 59, 61-67 and other 
catalytic processes.68-69 

Remarkably, all PCx materials investigated herein contain a 
significant quantity of phosphorus in the form of P4 tetrahedra 
despite being handled extensively in air and at elevated 
temperatures during workup. The 31P chemical shift of this 
species is unmistakable, occurring at -530 ppm, extremely 
upfield and sharp compared to the broad signal corresponding 
to P-C environments (Figure 5). Its shift is also seen to vary 
systematically downfield as a function of increasing 
phosphorus content, although this may simply be due to the 
presence of water or other solvents.70 While it cannot presently 
be deduced whether these P4 environments exist as large or 
small clusters, or as isolated molecules, the mere presence of 
stabilized P4 may be of interest in several applications.71 In 
particular, phosphorus is a high-capacity theoretical anode 
material for both lithium- and sodium-ion batteries, but cannot 
be used as a bulk electrode material owing to hazards related to 
its stability, poor conductivity, and excessive volume changes 
during charge and discharge (e.g., the unit cell volume of Li3P 
is 400% of that of white phosphorus).72-77 A material containing 
a significant content of P4 in stabilized form, in which the 
volume expansion would also be appropriately buffered, may 
be able to overcome this obstacle.78-79 Previous attempts to 

 
Figure 7. XPS spectra of PC3 and PC5 synthesized at 800 °C in 
the P 2p region (black symbols), showing contributions 
primarily from P-P (blue lines) and P-C (green lines) bonding 
environments in the material bulk (i.e., after 20 min of argon 
ion sputtering). 
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synthesize bulk graphitic materials of composition PC3, via a 
molecular tiling strategy,33 also witnessed the formation of 
stabilized P4 species; however, these materials contained an 
extremely high oxygen content (≥80% P-O species) at all depths 
within the bulk. The work reported herein, where oxygen 
contamination was greatly reduced (effectively eliminated in 
the material bulk), serves as new evidence that the presence of 
pristine, stabilized P4 can indeed be preserved even at very high 
relative content (>10 at% on a total material basis) within bulk 
graphitic carbon stored under ambient conditions. The 
implications and possibility for exploitation of this result 
remain to be explored in future work. 

5. CONCLUSIONS 

A novel synthesis route to phosphorus-doped graphitic 
carbon, PCx, via the direct pyrolysis of two readily available, 
liquid precursors has been presented. Varying either the 
nominal material composition, x, or the temperature of 
synthesis was shown to result in significant structural changes, 
where higher temperatures (up to 1050 °C) and lower initial 
phosphorus content (up to a limit of x = ~5) correspond to 
higher graphitic ordering. The phosphorus incorporated within 
graphitic PCx was found to exist in two important chemical 
environments: as substitutional P within the graphitic lattice and 
as free, stabilized P4 molecules, likely in interstitial voids 
between graphitic layers below the material surface. Future 
work must be undertaken to determine optimal synthesis 
conditions to achieve solely one type of phosphorus inclusion 
or the other; all directly-synthesized materials investigated 
herein consisted of both phosphorus species in coexistence. 
Only a small fraction of the bulk phosphorus content was 
detected to be bonded to oxygen (<4 at%). The material of 
nominal composition PC5 has been identified as a model 
material for future investigations, e.g., as an electrode material 
for alkali metal-ion batteries and for electrocatalysis. 
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