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Abstract

A new direct synthesisoute to bulk phosphorusdoped graphitic carbon from benzene and
phosphorus trichloride is described. The resulting matsraith easily tunable phosphorus
content, have beenthoroughly characterized in terms of composition, structure and chemical
environment of phosporus. The black metallic flakes exhibit the structural features of
nanocrystalline graphite with a phosphorus content up to 20 &®G). The phosphorus is
present in two formsas stabilized white phosphorus and incorporated within the graphitic
lattice. The sirface speciesire readilyoxidized upon exposure to air, whereas the bulk of the
material remains unchangedVe foresee several potential applications for such materials in
batteries, catalysis, and/or energy conversion devices.
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1 Introduction

Graphite is the stable allotrope of carbanderambientconditions? Its cnstal structureconsiss

of layers of sbmembered rings in aABstacking sequenceith weak interlayer forcesGraphite

has many interesting properties for a variety of different applications. ighly resistant to
thermal and chemical stress artds thermally and electrically conductive along the plalayers,

but not perpendicular to them. Graphite cleaves cleanly along the basal plane due to the weak
interlayer forces. This effect, together with a sublimation point of 3730 °C at atmospheric
pressire, is the basis ofstuse as a dry lubricanGraphene, a singlgristinegraphiticlayer of
carbon atoms, can be made easily by mechanical exfolidti@naphite forms manyow-
stoichiometry binary intercalation compoundssuch as MEand MG, among which the
intercalant can be any dhe alkali metals except sodiufilhese compounds have become very
important as energy storage materials, namalylithium-ion batteries (LIB).* The average
annual productiorof graphiteis estimated to be 1.Phegatonsworldwide, accoréhg to the US
Geological Survey This number is xpected to grow considerably with the onset of mass
productionof LIBsat the Teslalnc.Gigafactory, whickwillusel y Sa G A YF GSR mMnnQnnan

Substitutional chemicalaping is a simple method to alter the properties of graphite. Nitrogen
and boronhave been widely investigateams chemical dopantsince they have a similatomic
radiusto carbonand can influence the electronproperties of graphitic materialsvithout much
change in the structur&!? The effects of phosphorus dopingn diamond anddiamondlike
carbon (DLd)Ims have been studied for almost 30earsusing different synthesis methodg*®

It was found that small concentrations (< 0.5%) of phosphorus dopant yield polycrystalline, n
type semiconducting diamond films. Materials witlyherP/C ratis up to 3:1lwere found to be
amorphous.This workthen brought about theoretical studies on therystal structure and
stability of binay carbonphosphorus compound#n general, for which no bulk crystalline
structure has been discoveredrirst principle densityfunctional theory (DFT)calculations
predicted the existence ol defective zindlende structureof compositionPsG and graphitic
structures for BG:sn(n=1,2,3,3.1%20

The lowest energy structuref compositionPG waspredicted by DFT calculatiots be layered

(see Figure9).2! In that structure, he carbon atoms are trivalenftrigond planar) andthe
phosphorus atoms are arranged in a tetrahedron with thre€ Bonds and one interlayerHP
bond. The phosphorusbond angles of approximately 109 ° lead to kinks in the layers. Several
properties were calculated from these findingjse interlayer distance was estimated to be 2.28

A (equal to the PP bond length the band gap was predicted to be at least 1.51BNT tends to
underestimate band gag), and he heat of formationj{Hr) wascalculated to b& eV per formula

unit (+0.67eV per atom)which would require formation via a kinetic pathway.

Materials of compositiofiPChave been predicted to exhibit bilaystructures each alternating
layer containingsixmembered rings of phosphorus atorns carbon atomgseeFigure9).2? All
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of the atomsin this structureare in a tetrahedral bonding geometry withG-P-C bond anglef
101 © The sphybridized carbon atoms form interlayer bondseatingthe bilayered structure

Phosphorusdoped carbon habeen studiedor applicationsmainlyas a catalyst for the oxygen
reduction reaction (ORRY2® The reductiorof molecularoxygen to water is crucialstep inthe
electrochemical conversion of fudls produceenergy in fuel cell2hosphorus doping enhances
the catalytic activity significantly over undoped catalysts prepared by the same methbds. It
alsobeen noted that phosphorus doping supmses the formation of hydrogen peroxidan
undesirable byproducbf the ORR Themechanism ofcatalysisin such materialss not well
understood but it has been suggested that the increase in activity is due to structural defects
induced by the dopantsather than active participation of the dopants in the catalytic procéss.

A thoroughly characterized materidbr series of materialsyith well-defined phosphorus
environments could help to understartidis mechanisnbetter.

Phosphorusdoped carbon film$iave also been subject to investigations as active matenals
solar cellg® The ntype carbon film wa deposited on ftype silicon wafers to create a
heterojunction cell. Recently, it was shown that phosphedoped graphite obtainedia the
pyrolysis of 1,aliphosphinobenzene contained ca. 20 at% of phosphé&tus.small fraction
thereof was present in the form of white phosphor(i) although the precise nature of the
phosphorus environments remained difficult to ascertain. While a large fraction of the
phosphorus wa found to be bonded to oxygen, the presence afuRits gave promise to
potential applications in lithiurion storage, perhaps by conversionlteP.

The goal of tb work described herein ito determinethe feasibility of a direcf{singlestep) PG
synthesis from liquid precursors, thoroughly characterize the resulting prqoadinct optimize the
synthesis conditions towardsbtaining a well-ordered or crystalline material of tunable
composition and/or phosphorus environmenithis work is motivated by theirfidamental lack of

bulk RC binary compounds and by their several potential applications in future energy storage
and conversion processes.



2 Experimental Procedures
2.1 DirectSynthesis of RC

Thedirect synthesis of PGs based ora previously reportegorocedurefor the synthesis obulk
graphitic BG.*? In short, the heteroatom dopant (i.e., P) is introduced into a closed reactor
containing liquid benzene in the form of itgudid halide (i.e., P&l upon pyrolysis at elevated
temperature, the hydrogen halide acts as good leaving group allowing incorporation of the
dopant into the structure of the forming graphitic carbdrhe amount okachprecursorin the
initial solutionis calculated by eq. for any desired phosphorus to carbon ratia the final
LINR RdzO G 6 ¥ Bhibyprodikt bEcomes ehldrine {Ghstead of hydrogen @)if x < 3.
The total amount of gaseous byproduct should not exceed 2 mmol to ensure thiétgtabthe
quartz reaction tubesised in this work

W, vy o ox ., L W O
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Phosphorus trichloride (99%, Sigma Aldrich) and benzene (anhydrous, 99.8%, Sigma Aldrich)
were charged into a quartz reaction tufE2-16x 0.9cm inner diameterpy a micropipetteunder
argonatmosphere The tube was closed with Swagelokultra-torr adaptor, removed from the
glovebox and placed in liquid nitrogemo solidify the precursor solutionThe adaptor was
connected to a stainless stegthlenk lingthe tube evacuated to 1®mbar, andflame-sealed at
apre-preparedneck with an oxyhydrogen torch.

The sealed quartz reactswere placed in the center oféhamberfurnace (Carbolite CWF 12/13)
equipped with a programable PID controlligEurotherm 3216)The furnace waseated to a
setpoint (8001050 °C) along a specified heatnagnp (at 0.1-1 °C/min) held at the setpoint for
1-12 h and then allowed to cool in the closed furnace under no specified révi@r cooling to
below 250 °Cthe quartz tubes were removed from the furnace and visually inspected for
anomalies. To collect the product, the quartz tubes were scored with a diamond blade and
carefully openedn a fume hood (note: fumes and/or flames were commonly observed upon
openng). The black metallic flakes wecellected on aglass filter frit, washed repeatedly with
deionized water and acetonandthendried at 80°C.In some cases, the flakes adhérgtrongly

to the quartz surface andould notbe rinsed of, the reaction tibes werethen filled with 10%
HF(aqueoushnd left standing foseverahours. The flakes were filtered off, washed thoroughly
with water and then acetone, anthen dried at 80 °C.

2.2 AnalyticaMethods
2.2.1 Sanning Electron Microscopy

Scanning electron microgpy (SEM) was carried out at the Imaging and Chemical Analysis
Laboratory (ICALRt Montana State Universityising a JEOL JSM 6100 scanning electron
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microscopgSEMperated in secondary electron imagiffgEl)mode. The electron microscope
was equipped wih two RONTEC XFlash 1006y detectors for energy dispersiveray (EDX)
analysisTheascollectedflakes were mounted aiw sample holders using adhesive tape

Ultra-high resolution micrographs werecollected using a Zeiss SUPRA 55VP field emission
scanning electron microscope (FESEM) with a resolution of < 10 nm.

2.2.2 Xray Diffraction

Powder Xray diffraction (XRD) was performedinga Rigaku Ultima IV diffractometer using Cu
Kh 1 radiation with a wavelength of 1.5A.

Theascollectedflakes were suspended in acetgreonicated for 5 mirat room temperature,
and then dried at 80 °CThe powdered sample was placed on silicon singlecrystal (zero
background sample holderThe XRD patterrwas collected usinfRigaké DXL software. The
parameters used are shown Trablel.

Tablel. Typical XRBheasuremenparameters

Scan rang§’] 1055
Sampling width°] 0.02
Scan speeff/min] 5
X-ray voltaggkV] 40
X-ray currentfmA] 40

2.2.3 RamarSpectroscopy

Ramanspectroscopyasperformedin backscattering geometnysinga Renishaw inVia Raman
microscopewith an Arion laserd <514 nn. Theas-collectedflakes wereplacedon a glass slide
under the microscope objectivand care was taketo ensurethat the laser beanirradiatedthe
sample surfacat aperpendicularangle At least 2 interconsistent spectra were collected for
each sample in different areas on the sample surface.

2.2.4 SolidSate NMR

Solid-state NMRspectroscopyvasperformedusinga Bruker 11.7 T NMR spectrometer equipped
with an Avance Ill console and a triple resonance 2.5 mm solid state probe head. Experiments
were performed at room temperaturén static mode omwhile spinning the samplat 20 kHz
magicangle spinningNIAS frequency Chemical shifts were referenced86% HPQ in DO for

31p and Si(Ck)s for 13C. The rumber of transientsecorded was2000 for 3P NMR spectra and
1600024000for 3C NMR spectra. Theassical Hahrecho pulse sequence was used féP
specti, and a simple 30dne-pulse excitation sequenceas usedor 13C NMRand some3'P
NMRspectra. All spectra were acquired without depling. The ecycle delay was set to 2tke



echo delay to 0.1 msnd the pulse length for 90° flip angé&perimentswas 5 ps fof'P NMR
spectra. A recycle delay of 2vesused with al.7 pus30°pulsefor :3C NMR spectra.

2.2.5 Xray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy wagerformed using a PHI 5600 spectrometer using
monochromatic AIX N} RAF GA2y G wmny c diheascallectediakesyiver§ E OA G |
pressedinto indium foil and inserted into the analysis chamibedd at ca. 1.3 x 1®mbar. The
spectra were recorded at 0.1 eV resolution and analyzed WD InstrumentAugerScan
software using Gaussian/Lorentzian line shapes and a Shirley background subtraction. Depth
profiles were obtained bputtering the surface of the flakesith a 2 keV Arion beamfor
specified periods of time in between measuremeritke XPS dafarocessingand analysisvere

carried out by M. Nandasiri of the Imaging and Chemical Analysis Laboratory (ICAL) at Montana
State University.



3 Results & Discussion

After the synthesis of a new compound or material, thorough characterizafids propertiess

of utmost importance. In this casthere are three genergbropertiesof interest the chemical
composition of samples with differemominalP/C ratios, theattice structure, and the chemical
environment{s)of the constituentsgspeciallyof phosphorus.

Figurel. Variougpphotographga & b) ancelectronmicrographs (¢ f) show PCmaterials under different
magnifications. The unopenegliartz reactions tubes with black metallic flal&#dP G and PC deposited
on the walls as well as free standing are shown in a) and b) respectilredgr the electron microscope
the flakes have smooth surfacesdedges (c & €) and show some carbon microsphere formation (d & f)



Visual inspection of the quartz reaction tubesmedately after synthesigbefore opening)
indicates that the product forms ddack metallidlakes, bothon the quartz walls and within the
volume of the tube.The flakegend to beduller (as opposed to reflectivegnd morestrongly
adhered tothe wallswith decreasing phosphorus content.

Samples with high phosphorus content sometimes show dropletghait appears to bavhite
phosphorus deposited on thiener walls of the reaction tubebefore opening(seeFigurel0).
These samples can ignite spontaneouglpn opening andduringwashing. They also produce a
dense white smoke with a gardiike smell that is characteristaf the oxidation products of white
phosphorus

Inspection of he as-collectedflakesof PGunder electron microscopsevealsmostly evensheet

like surfaces and various degrees of carbon microsphere formatiofhe coverage of
microspheres can vary from very féseeFigurelc & d)to total coveragdseeFigurell). It was
previouslyreported, in the synthesis of NGrom phenylenediaminethat the formation ofsuch
microsphereimpurities can be suppressed with the use of a slower heating réihe same
effect was not obsenwtin this work;samples heated at 0.1 °C/min also show various degrees of
microsphere coveragdéxtended (or protracted)holding time at theultimate furnace setpoint
also does noseem toinfluence the formation of microspheres. #te time of this reportit is

not clear which parameters influence their growth.



3.1 Composition

PC12 PCg PCG PC5 PC4 PC3 PCz PC
| \ \ | | | \ |

0.10 0.15 0.20
|

P/C ratio from EDX

0.05

| ' [ ' | ' [ ' [
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Figure2. Measured mosphorus to carbon ratitby EDX analysias a function ofhe nominalP/C ratio(in
the precursor mixturg The data suggest a limit ghosphorus incorporation intd®G at a nominal
composition ok = 3. The lines are linear fits fromyPG PG and from P&to PQ(in nominal compaosition)
Thefilled circlesindicate samples heated to 800 °C and thilled circlesindicate samples heated to
1050 °C.

Compositional analysis by energy dispersitmay (EDX¥pectroscopyshows a wide range of
tunable phosphorus conterit the directlysynthesized RGnaterials However, thereappears
to be an upper limiof phosphorus incorpation at a nominal (precursor) composition »f= 3.
When more phosphorus istroduced in the reaction mixtureit islikely to either be oxidized
(and volatilizedupon opening the quartz reaction tube, twr be deposited on theube walls as
white phosghorus (sed-igurel0) and subsequently washed away during worklipisreasoning
is also supported bgneasurements othe mass of thefinal yield which can be as high as 98.6%
of the starting mas$or PG and is generally lower for higher phosphomentent samples (e.g.
30.4 % fonominalPC).The phosphorus content does nappear to depend othe temperature
of synthesigsee Figure 2 Samples witla nominal composition correspondingxc< 6 were also
prepared at 1050 °C, but they could not be analybgdEDX spectroscomue to mechanical
issues with the instrumentatian

It should be noted thatEDX spectroscopyis not a suitable technique for quantitative
compositional analysisince theascollectedflakes must be immobilizedn the sample holder
using (carborbased)adhesive tapeorior to measurement Thishas the effect of reducing the
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P/C ratioif the tape is irradiated by the ettron beam The measuredP/C ratios irFigure2 are
therefore lowerbound estimates of the actual P/C ratiblowever, the extent othis effect
remainsunknown. There argerhapstwo ways to correcthese measured composition3he
first would beto measureEDX spectraf standard materials andonstructa calibration curve.
This is not possiblat this timebecausea pure PC binary compound does nekist The second
waywould beto quantify therelativeamounts of phosphorus and carbon ladifferent analytical
method such as a CHWombustionanalysis for carboror phosphate quantification by ion
chromatography after the sample is completely oxidiZzEdese analyseare beyond the scope
of this project but could be performed in future work

Lastly, it should also be noted thBDXspectroscopys a method for elemental quantification.
As used hereint idoes not distinguish between different typef chemical environments that
exist in this materialThe chemical nature of the bonding environments in P@terials have

instead beeranalyzed bysolidstate NMR spectroscopy andray photoelectron spectroscopy
(XPS)asdiscussed irsection3.3.

3.2 Structure

With the advent of powerful lasers, Raman spectroscopy has become a standard tool for the
characterization of carbon based materi&$® Visible wavelength Raman spectroscopy is
especially suitable fomvestigatinggraphitic materials since it is 82B0 times more sensitive
towards sp sitesthan sp® sites, because of the presence oétates. Understanding thBaman
spectrum of crystalse.g., graphite is simpy an exercise in gup theory. Understandinghe
Raman spectrum of even moderatealisordered or amorphoumaterialsis not trivial andcan
require considerable effort.

The Raman spectrum of pristine graphite exhibits tleminant vibrationabands the intenseG

band at1580 cm' and thesecondorder 2D band consisting of two components centered around
2700 cmt.®3 Since thefirst-order D band is forbidden by symmetry in a perfect crystAB
stackedgraphite it can be used as a measure of disordegriphitic materialsDue b the weak
interlayer forces, the Raman spectrum of disordered carbodsisinated byintralayereffects

(the interlayer breathing mode is usually found at frequencies below the cutoff of a commercial
Raman spectrometer)The D band is very sensitive stacking disorderin slightly defedive
samples of crystalline graphite, the D band is weak and caerdist doublet with D and D at

1350 cmt and 1370 cri respectively?? With increasing disorder, these bands broaden
significantly become more intenseandoverlap to form a single broad peak
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Figure 3. Raman spectrungleft) and XRD pattern (right) of P&ynthesize at 800 °Ghowing the
characteristic features of turbostratic graphit€he Raman spectrum shows broad G and D bands with
I/l ratio of 0.93and unresolved second order bands around 2806.chhe XRD pattrn shows the 002
and 100 reflectiongorresponding tagraphite. The broadness of the 002 refection (FWHM = 11.3 °) is
consistent with interlayer disordefhe peak maximum corresponds to iaterlayer distanceof 3.75A,
significantly larger thathat of graphite (3.35 A)

Ferrari and Robertson introduced a thretage model toclassifyamorphous carbonsising
Raman spectroscop¥ The b/l ratio and the position of the G barate usedto differentiate
three phases of amorphizatiorihe first ranging from graphite to nanocrystalline graphite, the
second from nanocrystalline graphite ppedominantly sp hybridizedamorphous carbonand

the third from amorphous carbon teredominantly sphybridized amorphoudiamond.Directly
syntheszed P¢(at 800°C)exhibits characteristics from both stage one and two (Begire3).

The combination of af/lg ratio of 0.93 anda G bandpositionedat 1585 cnt place itwithin
stage one. The unresolved 2D bands that range from 240bter8100cnt? are typical of stage
two. However it should be noted that the Ferrari and Robertson model is for pure carbons and
does not holdo bestrictly validfor heavilydoped carbons.

X-ray diffraction is an important general tool for structural characterization of materials
contrast to Raman spectroscopyray diffraction is very sensitive towardsacking defectsThe
main characteristics in the XRD patteoislirectly synthesized R@re thepositionandwidth of
the 002 reflection.The average interlayer distancd)(is a function othe X-ray wavelength<)
and theangle of diffraction ) OO2 NRAyYy 3 G2 . N} 3I3Qa ftlgY

¢ _ (QOE+H q
The average -dpacing in the m@rials investigated herein changes as both a function of

phosphorus content and synthesis temperature, as described below.

Peak broadeningn XRD caarise fromnumerouseffectssuch as finiterystallite size and stacking
faults. It can also ariskom defectsand/or a wide distribution of interlayer spacing (disorder)
The inclusion of intercalant species within the interlayer galleries is a common cause of increased
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interlayer spacing in graphite; we cannot rule out the existence of phosghorother species
within thesegalleries.In the case ofdirectly-synthesizedPG materials it is not known which
effects are the most significant. The peak width is therefeged herein aa general measure for
disorder.

3.2.1 Phosphorus Content

Severalstochionetric series of PCsampleswere prepared under identical conditions for
structural comparison by both Raman spectroscopy asrdyXdiffraction. Samples ranging in
nominal composition from Reto PC and synthesized at 800st@®w no change in their Raman
spectrag but theydo exhibit a significant shift of the 002 peak position fram5° t023.7° at the
transition from Pgto PG (seeFigured). This shift is equivaht to an increasein interlayer
spacing from &2 A to 3.75 A. The peak width alsbroadenssignificantly, from8.8° to 11.3°.

There are several possible causes for such a transition to a more disordered lattice with wider
interlayer galleries (e.g., the appearance of a new, large intercalant species). The lack of change
in the Raman spectrurmontains a possible clué)e I/l ratio in the Raman spectrum is known

to be inversely proportional to thim-planecorrelation length (4) as2°

~ " o
This result, that the correlation length does not change across the transition frooPEG,
implies that thedifferences observed in the XRD pattebetween Pgand P@are more likely to

be caused by changein the stacking sequena® by the introduction of intercalant species
between the layers rather than a decrease in crystallite thickness
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Figure4. The Raman spectra and XRD patterns of a series of 80Q S&ies shovng the influence of
phosphorus content on the structur@he Raman spectr@main unchangeavith increasingphosphorus
content, but there is a clear shift of the 00RDreflectionbetweenPG andPG. This correspondt an
increasein interlayer spacing ém 362 Ato 3.75 A. The samples arshownfrom the topto bottom as

PC, PG, PG, PG, PG, PG, PG, PGy, PG Allspectraand XRD patterase normalized
to the intensity of the G band or the 002 reflectioaspectively.

Compositional analysis using EDX spectroscopy Ksgere 2) showed an upperlimit of
phosphorus incorporatiorof ca. 25 at%after which the average phosphorus conten the
resulting material was the same regardless of initial reaction compositibis upper limit is
consistent (within experimental error) with the maximum content of phosphorus within the
G ¢ SINNRS NB R¢ (I to &aP&) ag showtin Figure4. This implies thaPC, P€and PG

are much likelier to be disordered and contain large quantities of impurities owing to an excess
of volatile (and physically disruge) chlorine, hydrogen chloride, and other gases in the reaction
mixture.
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3.2.2 Synthesis Temperature

d-spacing | A
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Figureb. The Raman spectra and XRD patterns of samples heated to 800 °C (light colors) or 1050 °C (dark
colors) showng significant differenceas a result of increasing synthesis temperature wadationsdue

to differing phosphorus contentBoth the Raman and XRf2atures become narrower witincreasng
synthesis temperaturéndicating increaseardering. The asterisk anks a quartz impurity in the XRD
pattern. The samples are: PG 800 °C, PG 1050 °C, PG800 °C, PGp1050 °C.

Synthesis temperature plays a very important role in the structure of graphite and graphitic
carbon.Graphitic carbons synthesized 82B°C are considered lei@mperature carbonsand
are often referred to a®ither soft or hard carbon depending on whether higher temperature
treatments can be performed to recover crystalline graphiténe gold standard foordered
graphite, highly-oriented pyrolytic graphite (HOP@$ produced by stresannealing at 3000 °C.
35 Polycrystalline graphités typicallyobtained at temperatures exceeding 2000 T®edirect
synthesisnethodused hereindescribed irSection2.1) drasticallylimits the temperaturerange

for the synthesis of RCTheclosedquartzampule containing the reaction mixture is susceptible
to bursting and eventually melting if heated inappriately during a reactionThe commonly

F OOSLIIiSR aa27¥id S yfusgdZilicasS ¥6B0SANSindeditdBactior®s T this work
release a large quantity of gaseous products, the reaction ampule risggridicant pressure
during synthesisandanupperlimit of temperatureof 1050 °Gvas used

Increased synthesis temperatuieseen to generally correlate witidering of the P@naterials,

as can be seen iRigure5. Samples with less phosphorus content (x > 3) exhibit a significantly
narrower 002 peak in the XRD pattern with a smaller average interlayer spacing of 3.43 A. The G
and D band in the Raman spectrum are almost baseline separated and the 2R2uEeasolved.

All of these features are typical for the first stage in the FeiRarbertson model of amorphous
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carbons, and therefore these materials can be classified as hanocrystallineghhgEhosphorus
content samples (X o U ordyfSIBHily narrower featuresas a result of increased synthesis
temperature,in both the Raman spectra and the XRD patteamsl a similar decrease in average
interlayer spacing t8.53 A.

Samplessynthesized atl050 °C aréheld above the minimum temperature necessary for the
reaction for a longetotal period of time due to the heating ramp of 1 °C/miithis corresponds

to an additionaR50min whenthe samples are at temperatures above 800 °C, without including
the additional cooling time. It is well known that annealing can greatly improve the quality of
pure carbon sampl€e¥, but its effect on the chemical purity of the salap(due topossible
reactions with the quartz ampule) or on the phase purity of a mix€idystem remain unknown.
To investigatehese effects, a series of samples were held at 800 °C for 1@ ltomparison
These samples show no significant differesitoethoseheld at 800 °C for 1 h (séeégurel?).

3.3 Chemical Environments

The chemical environment @he phosphorusand carbonwithin directly synthesized R@as

probed byboth solid-state NMR spectroscopy angray photoelectron spectroscopy (XPS). The
primary information obtained by NMBxperimentsis the number and nature of thalifferent
phosphorus species that are presemthin the bulk of the materialsee Figure6). The behavior

of the NMR spectrununder different measurement conditions and pulse sequences can also
yield structural information(seeFigure?). The nature of the chemical environment of carbon

and phosphorus closer to the surface can be probed by XPS analysis, which also yields information
about thehomogeneity of the chemical environments with respect to depth within the material.

The3P MASNMRspectra ofPC, P§ PG, and Pesynthesized at 1050 °C alow two signals
representative of bulk RCcomplemented by a third signal in highosphorus content samples
(seeFigure6). The two common phosphorus environments in every samplehagacterized by
asharpsignal at530 ppm that is consistent with the chemical shift of white phosphorusaiti
a broad signatorresponding td>-C species centered around 50 pphThe latter signal is very
broad 60kH2. The spectra of PC and £4Iso contain sharp peaks around O ppmat indicate
the presence of pbsphates. The linewidth ahe phosphate (impurity) signalsless than 2 kHz
suggesing that the RO functionalities ardnighly mobile species that are not incorporated into
the graphitic lattice. The phosphate peaks are only badebgctedin PG andarenot present in
PG. Theaccurate quantification of the phosphate content was not possiblais work owing to
instrumental complications concerningning the probe head. This & typicalindication of
electricallyconductive sample®r whichquantficationisimpossible.

The presence of white phosphoruse., freelyrotating Ps tetrahedra) after the washing
procedure and sample storage in air is a strong indicator that tkeseonmentsare protected
from oxygerby the carbon matrixperhaps asdividual molecules or as small clustefsere is
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no indication of any bulk phosphorus phase in either XRD or Raman experiédras.been
previously reported that such stabilized dusters or domains cancorporatea high content of
lithium as LgP.2° Phosphorus is also known to react reversibly with sodium to produce a high
sodium content phase: NB3*Combined with the evidence ofhat these materials are
conductors it is reasonable to suggest that graphiticxP@terialscould be used as alkaén
battery electrodes.

Furtherinsighsinto the structure ofgraphiticPG materialswere gained byperforming3:P NMR
spectroscopyunder varying conditions (seeFigure 7) and analyzing the effect on the-®
resonance at 50 ppmA spin echo experiment, also calladHahnecho,was used to reduce
homogeneous lia broadening resulting from dynamics or relaxation effect8. The
heterogeneous line broadening, originating from site disomtechemical shift anisotropy (CSA)
is not affectedby such an experimenthe spectracollectedusing a spin echo sequence and a
single 30 ° pulsare compared in Figures 7a and #ere isno difference in linewidtldetected
This implies that therigin of line broadening in the€ resonancées in heterogeneous effects.
Furthermore, apid spinning of the sample about the magic angle (54.7 °bearsed tcaverage
the contributions from dipolar coupling and C®A! The spectra collected under MAS astdtic
conditions are compared in Figurel @hd 7, respectivelypnly a small decrease in linewidth is
observed.This implies that he main cause of broadeninig the RC resonancdies in site
disorder. The results of these experiments can also be used to rule out the presence of red
phosphorus whichwould also induce a broad signal around 50 p{§n?For red phosphorus,
however, the broadlinewidth iscaused by dipolar couplingetween the phosphorus nuclehis
couplingwould beaveragedout during MASexperiments, causing significant narrowing of the
signal which was not observeaind thus red phosphorus is unlikely to be present.
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Figure6. 3P MAS NMR spectra of PC (a) BT P&(c), and P&(d) shovingthree different phosphorus
environments. All samples show a sharp sigmatesponding tavhite phosphorus (B at-530 ppm and

a broad signal from 200 ppm td00 ppmthat is attributed to PC species. The spectra of PC ang PC
exhibitadditionalsharp signals around O ppm that are characteristishosphate species.
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Figure 7. 3P NMR spectra of R®btained under different experimental coriitins, a Hahnecho
experiment under 20 kHz MAS (a)single 30 ° pulse (zg30) under 20 kHz MA&irfd)a single 30 ° pulse
(zg30) in static mode (c). Thiahnecho experiment refocusdsomogeneous line broadening, and magic
angle spinning (MASErves taaverageout anydipolar interactions and chemical shift anisotropy (CSA).

Contrary to NMRX-ray photoelectron spectroscopy a surface sensitive method that allows the
identification and quantificationof different chemical specie® In combinationwith ion beam
milling it can also provida profile of these species as a functiondefpth. The phosphorugp
region of theXPS spectraf PG synthesized at 800 °C were measured at three depthshe
surface of theassynthesizedlake, after 2 minof argon sputteringand after 20 min ofargon
sputtering, respectively(see Figure 8). Within the deeper bulk of the material (b & ¢)the
phosphorus is mainly present bended to other phosphorusvhite phosphorusas indicated by
NMR) andsome PC environments are present. Most of the phosphodirectly at the surface
however,is oxidized. This is to be expected since white phosphorus ignites spontaneously in
contact with oxygen and trivalent phosphorus incorporated in the graphitic lattice could also
oxidize into a pentavalent species. These observatianand just below the surface are
consistentwith the 3P NMRresults which is a bulk methodQuantification of the relative
content of RP, RC, and FO environments ishown inTable2.
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Figure8. Phosphorus 2p XPS spectra ot B¥hthesized at 800 & a function of depthat the surface (a),
after 2 min Arion beam milling (h)and after 20 min Arion beam milling(c). The solid black line is the
measured spectrum, the dashed black line is the sum ddaalksian fits in blue, red and greemhich
correspond toP-O, RC and RP bonds respectively. Afteronly 2 min ofion beam milling, theP 2p
spectrum is dominatedyoRP environments and the-® environments become almost negligible.
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4 Conclusion & Outlook

Thedirect synthesis of bulk phosphordeped graphitic carbohas beerdemonstrated Starting
from readily available, cheap liquid precursotisis synthesis methodan be used t@access a
wide range of phosphorus contesimply by varying the composition of the initial reaction
mixture. Theso-obtained, directlysynthesized RGnateriak are dark, conductive flakes with a
metallic luster, andexhibit chara&teristic structural features ofnanocrystalline graphite.
Compositional studies indicated that a limit of phosphorus incorporation was reached at a
nominal compogion (initial reaction mixture) corresponding to PL Solidstate NMR
experimentsrevealed thepresence of two phosphorus specismmmon to all PEompositions:
white phosphorugPs) molecules or clusterand phosphorus incorporated within the graphitic
lattice. Surface analysis usingPS showed that thesphosphorusspecies aresignificantly
oxidized atnearthe surfaceof the flake but remain stable within the bulk of the matereven
after washingwith water and storage in airThe materials produced bthe direct method
described hereishow a significantly lower oxygen content thituat of maerials prepared from
an organianolecular precursofwhich is highly sensitive to oxidation and difficult to prepare)
while also providingan easily scalablend tunableprocess.

The presence of stabilized white phosphorus is interesting for batterycapioins, namely as an
anode material for alkalion batteries. Bulk white phosphorus is pyrophoric and toxic and
therefore considered unsuitable for battery electrodéd.ayered black phosphas suffers from
large volume expansiorduring lithiation/sodiation and poor conductivity® In directly
synthesized RCthe graphitic matrixhat stabilizeghe white phosphorusnolecules clusters or
nanodomainscould serve as a conducting framewavkile mitigating the effects of volumetric
expansion upon ion insertion. The materialshieved in this workave already showmo be
conductivebut the bulk conductivity has yet to be measured.

A further point of interest lies in the fact thathmsphorus sitesn a graphitic lattice have been
shown to enhance the activity carbonbased ORR catalgst Theirsimple synthesis route and
wide range oftunable phosphorus content make R@aterials ideal candidates to understand
and optimizethis catalytic proess. Binary and ternaheteroatomdoped carbonsnamely B/N
and B/N/Rdoped carbonshave also shownimproved catalytic activity ovenitrogen-doped
carbons for the ORR in acidic metfidt was suggested that the presence of electron poor (B)
and electron rich (P) sites the same material could greatly improve the performanét¢éhese
catalysts. The synthesis route presethteeran naturally lends itself to multiple dopantsand
early such experiments were carried out in the course of this wieakly results of an XPS study
on a material of nominal composition Bfhow the presence dfoth dopants within the bulk
of the maerial.

Future work in this vein should be carried out improve the crystallinity and chemical
composition of the final B@naterial for which there are several possible routBestsynthetic
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annealings often used to improve thstructural and chemicakgularity of materials. However,
there isalsothe potential to evaporate the elemental phosphorevento create highly toxic
phosphine gasAnnealing could be performed in vacuum, under high pressure (in a closed
reactor), or umler gas flow (e.g., hydrogerDifferent heating and cooling ramps could ats®
explored tooptimize the crystallization process or to obtamglassy materialsControlling the
synthesisto select for a homogeneous phosphorus environmeeither stabilized white
phosphorus or phosphorumcorporation within thegraphitic lattice is also of practical and
fundamental interestLastly, the synthesis ofraore crystallinegraphitic P€material could also
serve aghe startingpoint for obtaining tunable, higiphosphoruscontentgraphenes.

It is noteworthy that he presence of sjarbon cannot be excludezh the basis of thenaterials
characterization performed in this wark/\MRaman spectroscopy, isowever,a powerful tool to
analyze spcarbon and should b undertaken to address this ambiguiSuch experimentsould
alsoyield information as tothe dispersion of the G band, whichas important characteristic
that could be used to discern betweeatages 1 and f the Ferrari and Roberson modeltbke
amarphization trajectory of graphiticarbontoward amorphous diamond

20



5 Acknowledgements

| would like to thanlDr.Nick Stadie for the opportunity to experience research at Montana State
University and for his hospitality. It was very interesting arfdrmative to be part of a brand
new research group on a different continent.

DevinMcGlamery recorded all the electron microscope micrographs and the EDXH#atdso
showed me all the things to do in and around Bozeman, so that | could make the mostiofe
in Montana.

| would like to thank Prof. Dr. M. Kovalenko for supporting and supervising my master thesis at
an external institution and for granting access to the NMR facility.

MarcelAebli and Laura Piveteau recorded sdtdte NMR spectrat the Laboratory for Inorganic
Chemistry at ETH Zirich and were extremely helpful for the understanding of their work.

Raman and XRD data were obtained from the Center for Advanced Mineral and Metallurgical
Processing (CAMP) at Montana Tech under the supenvid Gary Wyss. | would like to thank
him for the access to the instruments and the guidance on how to use them.

21



6 References

1.

ok

10.

11.

12.

13.

14.

15.

16.

Shabalin, I. L., Carbon (Graphene/Graphite)Ultra-High Temperature Materials I:
Carbon (Graphene/Graphiteand Refractory MetaJsSpringer Netherlands: Dordrecht,

2014; pp #235.

Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, S. V;
Grigorieva, I. V.; Firsov, A. A., Electric field effect in atomically thin carbonSitnese
2004,306(5696), 666569.

Dresselhaus, M. S.; Dresselhaus, G., Intercalation compounds of grajahnces in
Physic2002,51 (1), :186.

Armand, M.; Tarascon, J. M., Building better batteridasture 2008,451, 652.

Olson, D. W., USGS MiaeComodities Summaries, Graphite. Survey, U. S. G., Ed. 2017,
pp 7475.

Lowell, C. E., Solid Solution of Boron in Grapfiem. Ceram Sac 1967,50 (3), 142&.
Kouvetakis, J.; Kaner, R. B.; Sattler, M. L.; Bartlett, N., A Novel Gilaghitdderial of
Composition Bc3, and Nitrogegbarbon Graphitesl Chem Soc Chem Comm 1986, (24),
17581759.

Kaner, R. B.; Kouvetakis, J.; Warble, C. E.; Sattler, M. L.; Bartlett, N c&dam
nitrogen materials of graphitéke structure.Materials Research Bulletia987,22 (3),
399404.

Sekine, T.; Kanda, H.; Bando, Y.; Yokoyama, M.; Hojou, K., A graphitic carbon nitride.
Journal of Materials Science Letté890,9 (12), 13761378.

King, T. C.; Matthews, P. D.; Holgado, J. P.; Jefferson, D. A.; Lambert, R. M.; Alavi, A.;
Wright, D. S., A singeurce route to bulk samples of C3N and theewolution of
graphitic carbon microsphere€arbon2013,64, 6-10.

King, T. C.; Matthew®. D.; Glass, H.; Cormack, J. A.; Holgado, J. P.; Leskes, M.; Griffin, J.
M.; Scherman, O. A.; Barker, P. D.; Grey, C. P.; Dutton, S. E.; Lambert, R. M.; Tustin, G,;
Alavi, A.; Wright, D. S., Theory and Practice: Bulk Synthesis of C3B a/#d aisdH 4

Sorage CapacityAngew Chemn.t Edit 2015,54 (20), 59195923.

Stadie, N. P.; Billeter, E.; Piveteau, L.; Kravchyk, K. V.; Dobeli, M.; Kovalenko, M. V., Direct
Synthesis of Bulk Bordnoped Graphitic CarborChemistry of Material2017, 29 (7),
3211-3218.

Okano, K.; Kiyota, H.; lwasaki, T.; Nakamura, Y.; Akiba, Y.; Kurosu, T.; lida, M.; Nakamura,
T., Synthesis of-type semiconducting diamond film using diphosphorus pentaoxide as

the doping sourceApplied Physics 2090,51 (4), 344346.

Bahr, S.; Haubner, R.; Lux, B., Influence of phosphorus addition on diamond@wD.

Relat Mater. 1995,4 (2), 133144,

Tsang, R. S.; May, P. W.; Ashfold, M. N. R.; Rosser, K. N., Influence of phosphine on the
diamond growth ~mechanism: a molecular Ipea mass spectrometric
investigation1Presented at the Diamond '97 Conference, Edinburgh, Scotléndr.

Relat Mater. 1998,7 (11), 16511656.

Kuo, M. T.; May, P. W.; Gunn, A.; Ashfold, M. N. R.; Wild, R. K., Studies of phosphorus
doped diamondike arbon films.Diam Relat Mater. 2000,9 (3), 12221227.

22



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Pearce, S. R. J.; May, P. W.; Wild, R. K.; Hallam, K. R.; Heard, P. J., Deposition and properties
of amorphous carbon phosphide filni3iam Relat Mater. 2002,11 (3-6), 10411046.

Fuge, GM.; May, P. W.; Rosser, K. N.; Pearce, S. R. J.; Ashfold, M. N. R., Laser Raman and
X-ray photoelectron spectroscopy of phosphorus containing diamldted carbon films

grown by pulsed laser ablation methoddam Relat Mater. 2004,13 (4), 14421448.
Claeyssens, F.; Allan, N. L.; May, P. W.; Ordejon, P.; Oliva, J. M., Solid phosphorus carbide?
Chem. Commur2002,(21), 24942495.

Claeyssens, F.; Oliva, J. M.; May, P. W.; Allan, N. L., Binary phosgarbamscompounds:

The series P4C3+8nternaional Journal of Quantum Chemisf2§03,95 (4-5), 546553.
Claeyssens, F.; Fuge, G. M.; Allan, N. L.; May, P. W.; Ashfold, M. N. R., Phosphorus
carbides: theory and experimerDalton FTansaction2004,(19), 30853092.

Claeyssens, F.; Fuge, G. M.; Allan, N. L.; May, P. W.; Pearce, S. R. J.; Ashfold, M. N. R,
Phosphorus carbide thin films: experiment and thedxgpl Phys A2004,79 (4-6), 1237

1241.

Liu, Z. W.; Peng, F.; Wang, H. J.; Yu, H.; Zheng, W. X.;,\Aragphorusloped graphite

layers with high electrocatalytic activity for the O2 reduction in an alkaline medium.
Angew Chemnt. Ed 2011,50(14), 325761.

Liu, Z. W.; Peng, F.; Wang, H. J.; Yu, H.; Zheng, W. X.; Wei, X. Y., Preparation eiphospho
doped carbon nanospheres and their electrocatalytic performance f@rréduction.J

Nat. Gas Chen012,21(3), 257264.

Yang, BS.; Bhattacharjya, D.; Inamdar, S.; Park, J.;-8u, BhosphoruBoped Ordered
Mesoporous Carbons with Differebengths as Efficient Met&lree Electrocatalysts for
Oxygen Reduction Reaction in Alkaline Medidm. Chem Soc 2012,134(39), 16127

16130.

Li, R.; Wei, Z.; Gou, X.; Xu, W., Phosphooped graphene nanosheets as efficient metal

free oxygen redation electrocatalystdRSC Advanc@913,3 (25), 99789984,

Jiang, Y.; Yang, L.; Sun, T.; Zhao, J.; Lyu, Z.; Zhuo, O.; Wang, X.; Wu, Q.; Ma, J.; Hu, Z.,
Significant Contribution of Intrinsic Carbon Defects to Oxygen Reduction AcAdS.
Catalysi®015,5(11), 6707#6712.

Rusop, M.; Soga, T.; Jimbo, T., Defect studies and photoelectrical properties of
phosphorus doped amorphous carbon filnidiam Relat Mater. 2004,13 (11), 2197

2202.

Matthews, P. D.; King, T. C.; Glass, H.; MagusinMR.NL; Tustin, G. J.; Brown, P. A. C,;
Cormack, J. A.; Gardrodriguez, R.; Leskes, M.; Dutton, S. E.; Barker, P. D.; Grosche, F.
M.; Alavi, A.; Grey, C. P.; Wright, D. S., Synthesis and extensive characterisation of
phosphorus doped graphit®RSC Ad2016,6 (67), 6214662145.

Tuinstra, F.; Koenig, J. L., Raman Spectrum of GraphegeJournal of Chemical Physics
1970,53(3), 11261130.

Vidano, R. P.; Fischbach, D. B.; Willis, L. J.; Loehr, T. M., Observation of Raman band
shifting with excitation wavelength for carbons and graphiteSolid State
Communication4981,39 (2), 341344,

Lespade, P.; Marchand, A.; Couzi, M.; CruegeaFaci€risation de materiaux carbones

par microspectrometrie Ramagarbon1984,22 (4), 375385.

23



33.

34.

35.

36.

37.

38.

39.

40.

4].

42.

43.

44,

45.

46.

47.

Ferrari, A. C., Raman spectroscopy of graphene and graphite: Disorder, elpbivaoon
coupling, doping and nonadiabatic effecBolid State Communicatis2007,143(1), 47

57.

Ferrari, A. C.; Robertson, J., Interpretation of Raman spectra of disordered and
amorphous carborPhysical Review 200,61 (20), 1409514107.

Blackman, L. C. F.; Ubbelohde, A. R., Stress recrystallization of grBpttezdings of

the Royal Society of London. Series A. Mathematical and Physical S&@®2c266

(1324), 2632.

Ferrari, A. C.; Kleinsorge, B.; Morrison, N. A.; Hart, A.; Stolojan, V.; Robertson, J., Stress
reduction and bond stability during thermal a@aling of tetrahedral amorphous carbon.
Journal of Applied Physit899,85(10), 71917197.

Kahl, O.,Phosphorus8l NMR Spectroscopy: A Concise Introduction for the Synthetic
Organic and Organometallic Chemi2009; p 1131.

Ramireddy, T.; Xingl.; Rahman, M. M.; Chen, Y.; Dutercq, Q.; Gunzelmann, D.;
Glushenkov, A. M., Phosphoroarbon nanocomposite anodes for lithivion and
sodiumion batteries.Journal of Materials Chemistry2815,3 (10), 55725584.

Hahn, E. L., Spin EchoPhysicaReview1950,80 (4), 580594.

Andrew, E. R.; Bradbury, A.; Eades, R. G., Nuclear Magnetic Resonance Spectra from a
Crystal rotated at High Speedature1958,182, 1659.

Lowe, I. J., Free Induction Decays of Rotating Sélldssical Review Lettet959,2 (7),
285-287.

Bytchkov, A.; Fayon, F.; Massiot, D.; Hennet, L.; Price, D. L., 31RtadelMR studies

of the shortrange order in phosphoruselenium glasseg$?hysical Chemistry Chemical
Physic010,12(7), 15351542.

Watts, J. F.; \WIstenholme, J., Electron Spectroscopy: Some Basic Concepis In
Introduction to Surface Analysis by XPS and Xif® Wiley & Sons, Ltd: 2005; pf5

Sun, J.; Lee, NV.; Pasta, M.; Yuan, H.; Zheng, G.; Sun, Y.; Li, Y.; Cui, Y., A phogphorene
graphene hybrid material as a higtapacity anode for sodiusion batteries. Nature
Nanotechnology015,10, 980.

Sun, J.; Zheng, G.; Lee, H. W.; Liu, N.; Wang, H.; Yao, H.; Yang, W.; Cui, Y., Formation of
stable phosphorugarbon bond for enhanced performae in black phosphorus
nanoparticlegraphite composite battery anodeSlano Let2014,14(8), 457380.

Choi, C. H.; Park, S. H.; Woo, S. |., Binary and Ternary Doping of Nitrogen, Boron, and
Phosphorus into Carbon for Enhancing Electrochemical Oxygdnction ActivityACS
Nano2012,6 (8), 70847091.

Naumkin, A. V.; Kratfass, A.; Gaarenstroom, S. W.; Powell, C. P., NH&y X
Photoelectron Spectroscopy Database. National Institute of Standarts and Technology:
2012; Vol. 4.1.

48. Goodman, N. B.; Ley, L.; Bullett, D. W., Valdrael structures of phosphorus allotropes.

Physical Review 183,27 (12), 74407450.

24



7 Appendix

Figure9. Previously reportedowest energy structures of PC (left) ands R@ht)2* Four unit cells are
shown of he bilayer structure of PC with four carbon ate and four phosphorus atoms eadwo unit
cells are shownf PG, which exhibitsa layered structure with interlayer-P bonds.

Figurel0. Deposits of white phosphorus {Pon the walls of the quartz reaction tubéadicated ty white
arrows) Both samplesvere prepared from a reaction mixture thabntained a 1:1 ratio of phosphorus
and carbon.Upon opening of the reaction tubes, these droplets igtitsnd produce a dense white
smoke with a characteristimdor of garlic
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Figure 11. Various degrees of carbon microsphere formatiame observedin samples of directly
synthesized BCevenwithin the same sample (aJr on the same flake (b). Theelative contentof
microspheres varies greatfyom sampe to sample even whensynthesized under the same conditions
and itremains uncleawhich synthesis parameters influence their growth.

Figurel2. Ramarspectra and XRD patterns of a series of $#nplessynthesizedat 800 °Gheld at the
setpointfor 12 h. There are naignificantdifferencesbetween suchsamplesand those synthesizesit
800 °Cand heldfor 1 h.A shift ofthe 002 reflection in theXRDpattern betweenPG and PG is similarly

observed. The sampleshownare PC, PG, PG, PG, PG
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