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Abstract
The doping graphene helps breaks its surface inertness providing it an intrinsic degree of catalytic
activity.While single elemental doping of graphene (e.g. withN) enhances its catalytic potential, the
current trend is to develop graphene dopedwithmultiple elements. These heterodoped graphene
species have improved electro-catalytic activities as compared to their corresponding single
heteroatomdoped counterparts because of strong charge redistribution and synergistic effects due to
differences in the dopant electro-negativities. Hence, they are better suited formultiple catalytic
reactions to better copewith reaction intermediates. Never-the-less, to date only a few examples exist.
In this workwe show it is possible to synthesize in a single CVD step, large area single- and few- layer
graphene dopedwith oxygen and nitrogen species.Moreover, this is achieved using a solid precursor
in a pureH2 environment with growth being achieved in under 5min.

1. Introduction

Electrocatalysts are typically based on expensive transitionmetals. Therefore, from economic considerations it is
important to developmetal free electrocatalysts such as those based on carbon.However, carbon based catalysts
better suit heterogeneous catalysis. Nevertheless, this limitation can be overcome by reducing the dimensions to
the nanometer scale and/or decreasing the layer number of carbon basedmaterials [1]. Graphene has amyriad
of fascinating physical properties [2] yet pristine graphene is chemically inert and a zero band gapmaterial that
limits its applications in electrocatalysis and the semiconductor industry. Introducing vacancies and defects into
the hexagonal carbon framework of graphene through heteroatomdoping can not only open up graphene’s
band gap but also breaks its surface inertness providing it an intrinsic degree of catalytic activity [3]. In fact, the
mostwidely studied heterodoped carbon basedmaterial in catalysis is graphene oxide. However, it often
contains impurities and amorphous debris that block vacancies and defects that are the active sites for catalysis
[4]. Therefore, hetero-doped graphene that possess properties such as a large active surface area, single atom
thick layers, chemically stability, purity, crystallinity and electrical conductivity can provide a superiormaterials
choice for both heterogeneous and homogenous electrocatalysis [5].
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Ndoping has the ability to donate electrons to adjacent carbon atoms that results in an ‘activation region’ on
graphene surface and can directly participate in catalysis. Being a close neighbor of carbon, nitrogen doping in
graphene improves its electro catalytic performance without considerably disturbing its two dimensional planar
symmetry required for large surface area property [6]. In addition, the presence of oxygen in graphene (in form
of graphene oxide) can alsomake graphene catalytically active [7]. The new emerging trend in electrocatalysis is
to dope graphenewith two ormore heteroatoms. These heterodoped graphene species have improved electro-
catalytic activities as compared to their corresponding single heteroatomdoped counterparts because of strong
charge redistribution and synergistic effects due to differences in the dopant electronegativities [8]. Nevertheless,
the idea ofmulti-elemental doping has to date hardly been explored in graphene (See table 1) [9–12]. There are
only a handful of examples where hetero-doped combinations like boron and nitrogen [13]nitrogen and
phosphorous [14]nitrogen and sulphur [15]have been developed andwhich exhibit comparatively higher
oxygen reduction reaction (ORR) performance as compared to other graphene derivatives, viz., enhanced
catalytic performance as compared to single element doping [16]. Thus, the synthesis and exploration of new
hetero-doped combinations in graphene sheets is important. The combination of nitrogen and oxygen
functionalities tested inmesoporous carbon and hydrogels have shownhigh electro-catalytic activity towards
ORR and oxygen evolution reaction (OER) respectively [17, 18]. However, such a combination of oxygen and
nitrogen based species in hetero-doped graphene sheets has yet to be demonstrated.

Herein, we report synthesis ofmonolayer graphene hetero-dopedwith oxygen and nitrogen species in the
formof carbonyls, hydroxyls, NO, pyridinicN and graphiticN, viz, N andOhetero-doped graphene, for the first
time. This is achieved using a single solid precursor of nitrophenyl ferrocene in the presence ofH2 (See figure 1).

The synthesis of ourmulti-doped graphene takes place in a single step low pressure chemical vapor
deposition (LPCVD) reaction. Unlike the previous CVD synthesis approaches for hetero-doped graphene, our
precursor simultaneously provides a source ofO,N andC for large area hetero-dopedmono-layer and few-layer
graphene synthesis. (Figure S1 is available online at stacks.iop.org/MRX/6/055604/mmedia)Contrary to
conventionalmethods such as ballmilling and hydrothermal used for synthesizing hetero-doped graphene
[19, 20]CVD synthesis can provide a scalable and crystalline product.Moreover, we have investigated the effects
of (i) the CVD reactor tube configuration (figure 2) (ii) optimized precursor amounts (iii) reaction time (iv) and
temperature optimization to better elucidated the growthmechanisms involved and provide layer number and
doping control.

Table 1.Hetero-dopedGraphene throughCVD synthesis reactions in the literature and this work.

Hetero dopants CVD Flow gas Precursor Layer number Substrate References

P andN APCVD Ar (NH4)3PO4, CH4 Few layer MgO [9]
S andN APCVD N2 Pyrimidine thiophene Few layer Fe-Co/Al2O3 [10]
B andN LPCVD Ar,H2 NH3-BH3, CH4 Few layer Cu [11]
BNdomains LPCVD H2,N2 CH4, Boric acid, N2 Monolayer (or few) Cu [12]
OandN LPCVD H2 Nitrophenyl Ferrocene Monolayer Cu This work

Figure 1. (a)Ball and stickmodel for nitrophenyl ferrocene precursormolecule. (b) Stick and ballmodel showing various
configurations for the hetero-doped graphene configurations obtained in this work .
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Wedemonstrate these aspects throughRaman spectroscopy, scanning electronmicroscopy, high resolution
transmission electronmicroscopy (HRTEM), x-ray photoelectron spectroscopy (XPS), electron energy loss
spectroscopy (EELS) and Fourier-transform infrared spectroscopic (FTIR) characterizations.

2. Experimentalmethods

2.1. Graphene growth
TheCVD synthesis ofHeterodoped graphenewas carried out in a horizontal tube furnace at low pressure
(0.5 mbar). A 25 μmthick copper foil (45 mm×10 mm)was used as a substrate to growhetero-doped
graphenefilms. The ability of Ferrocene as a sole source for both carbon feed stock and catalytic Fe particles has
been explored for carbon nanotubes and graphene production [21, 22]. There are numerousways to derive
ferrocene in few steps and thus to tailor its elemental constituency according to nature of product required.Here
Ferrocene derivative p4-nitro phenyl Ferrocene that contained all three elements viz., N,O andChas been used
forfirst time for heterodoped graphene synthesis. The precursor was prepared through the arylation reaction of
ferrocenewith diazonium salt of 4-nitroaniline in a single step synthesis [23].When exploring use of an inner
quartz reactor tubewith both ends open figure 2(a) precursor amounts of 0.5 mg, 1 mg, 5 mg and 10 mgwere
tested, while for a half closed inner reaction tubefigure 2(b) precursor amounts of 0.5 mgwere sufficient
(although 1 mg, 5 mg and 10 mg amounts were also explored). The precursor was placed upstream (by the
closed end in the case of the half closed inner reactor tube). Close to the opening of the inner reactor tubes at the
downstream end a copper stripwas rolled and carefully placed inside the tube at a distance of 25 mm from its
open end. The inner quartz tubewas then placed inside themainCVD furnace quartz tube (50 mmdiameter,
1580 mm length) (figure 2(b)). Initially the furnacewas evacuated to 0.09mbar using a vacuum rotary pump.
Afterwards, the systemwas flushedwith pure Ar (99.99%) gas at 200 standard cubic centimeters perminute
(SCCM)flow. As a result, the inner pressure raised to 0.9mbar. Thisflushingwas performed for 30 min (60 and
120 min durations showed no gain as opposed to 30 min). After 30 min theflowof Arwas stopped and a pureH2

(99.99%)flow at 16 SCCMwas started (at a pressure of 0.5 mbar). The furnacewas heated to 1025 °Cat the rate
of 23 °Cmin−1. During these steps the oven stayed at position away from the precursor as shown infigure 2.
Once the reaction temperaturewas reached (in 45 min) the CVDovenwasmoved upstream to the growth

Figure 2. Schematic illustrating the sliding oven LPCVD set up positioned during growth (dimensions are not to scale). (a) fully open
inner quartz tube. (b)Half closed inner quartz tube.
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position as indicated infigure 2 so as to enable a controlled lower precursor temperature (300, 380 and 500 °C
were explored, optimal growthwas at 380 °C) andmaintain a higher and constant reaction temperature
(1025 °C). The optimumgrowth time, formonolayer graphenewas 3 min (subsequently 5, 7, 10 minwere also
tested) for the half closed inner tube (no graphenewas observedwith an open inner tube). After growth theCVD
ovenwas slid away from the growth region to provide rapid cooling [24]. The hydrogen flowwas stopped and
switched to a 200 SCCMofAr gasflowuntil the furnace had cooled to room temperature. A graphical
representation of theCVD reaction is shown in the supporting information infigure S1(a).

2.2. Transfer
For TEMandHRTEM studies the hetero-doped graphenewas transferred on to standard lacey carbonCuTEM
grids. The protocol steps are tofirst spin coat PMMA solution in ethyl acetate, followed by etching the copper
substrate in 0.5molar aqueous solution of ammoniumpersulphate (SigmaAldrich, purity�98%) for∼100 min,
and thereafter rinse thoroughly in deionizedwater and thenfish the graphene onto a standard lacey carbonCu
TEMgrid after which the PMMA is removed in hot acetone vapor [25]. Finally, the TEMgridwas annealed in
high vacuum (10−6 mbar) at 200 °C for 12 h to remove any organic residue.

For SEMandRaman characterizations, SiO2 (300 nm)/Si wafer was used as the substrate for transfer in place
of a TEMgrid. Thewafer wasfirst washedwith pure acetone and absolute ethanol and then driedwithN2. The
graphenefilmwasfished onto it and then annealed in an oven at 75 °C for 20 min. Afterwards, pure acetonewas
used to remove PMMA.

2.3. Characterization
SEMmeasurements were performed on aHitachi SU-8010. EELS, TEMandHRTEMwere performed on a
Titan3 80–300with amonochromator and aCs corrector for the primary objective lens. The electron
acceleration voltagewas 80 kV. XPSwas performed on aThermo Fisher Scientific (model ESCALAB 250 xi).
Raman spectra andRamanmappingwere collected on aHoriba (Confocal LabRAMHR800) using 633 nm laser
with approximate power kept at 2 mW.The FTIR test was done onTensor 27 spectrometer fromBrukerOptics
in the ATRmode. The sheet resistancewasmeasured through a SZT-C four-probe test bench Suzhou Jingge
electronics.

3. Results and discussions

When employing an inner quartz reactor tube configurationwith both ends open (figure 2(a)) no graphene
formationwas observed evenwhen increasing the precursor amounts from0.5 mg, to 1, 5 mg and 10 mg. This
can be attributed to a limited amount of feedstock species, as the produced species from the thermally
decomposed precursor (Nitrophenyl Ferrocene) areflushed away too rapidly which not only limits the feedstock
species suitable for graphene growth, but also limits the decomposition of the precursor, further limiting
decomposed feedstock (carbon units) suitable for growth. In the second configuration, the upstream end of the
inner quartz reaction tube is sealed (closed) as shown infigure 2(b)whichwe refer to as a half closed tube. This
configuration allows the decomposed precursor species to slowly diffuse out of the reactor tube and thus
provides sufficient time for precursor decomposition and thus graphene formation. Indeed, so efficient is this
process that only 0.5 mg of precursormaterial is required.

Henceforth, we focus on systematic investigations using a half closed inner tube [26] for the controlled
production ofmono- and few- layer graphene dopedwithN andO species.

The electronic properties of hetero-doped graphene are strongly dependent upon its thickness (layer
number) [27]. Therefore, understanding themechanism bywhich layer number can be controlled is of
importance. As a part of this investigationwe examined the role of precursormass while keeping all other
reaction parameters constant (figure S1(a)), namely a reaction temperature of 1025 °C, a precursor temperature
of 380 °C and growth duration of 3 min

Raman spectroscopywas used to probe the as-producedmaterial for the different precursor amounts.
Typical examples are presented infigure 3. All samples presented aDpeak (∼1350 cm−1), a G peak
(∼1580 cm−1) and a 2Dmode (∼2700 cm−1) [28]. As one increases the precursor content the peaks in the
Raman spectra show changes. For the sample produced using 0.5 mg of precursor, theDmode is relatively low
and theGmodewell defined indicating a high crystallinity [25]. The 2Dmode is symmetrical with full width at
halfmaximum (FWHM) of 34 cm−1. The narrow and symmetrical 2Dmode and the fact that it ismore intense
than theGmode indicatemonolayer graphene (figures 3(a) and S2(a)) [27, 29, 30].Moreover, theG and 2D
peaks that usually appear at~1580 and 2700 cm−1 have undergone a blue and red shift 14 cm−1 and 55 cm−1,
respectively, which can be attributed to doping. [28, 31]This is further confirmed by presence of theD band and
D’ band (adjacent to theGmode) presence that arise due to defects and doping [30, 31]. However, these bands
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are not very intense suggesting perhaps the doping levels are limited. Raman areamapping of 2D/G ratiowas
conducted for themonolayer heterodoped graphene samples. The greater area with low 2D/G ratio in hetero-
doped graphene corresponds to higher carrier concentration due to dopant atoms (figure S3(a)) [6]. The 2D
width or FWHM is largely homogenous. (figure S3(b)).Moreover, the defect density can be found byG/D ratio
where some spots show lowG/Dand some highG/Dwithin the heterodoped graphene suggesting the non-
uniformdefect distribution aswell as surface contamination [6, 9]. Additional Ramanmapping data has been
provided infigure S3. The SEMdata indicates large area homogenousmonolayer graphene (figure 3(e)).

Upon increasing the precursor amount to 1 mg the Raman data suggests the graphene is still primarily
mono-layered. This is evidenced by 2D/Gratio (figure 3(b)) and a 2Dpeak FWHMvalue of 35 cm−1 (figure
S4(a)). The position ofG and 2Dbands remained the same.However, in this case theD andD’ bands
(figure 3(b)) aremore prominent. This effect ismanifested in a loweredG/Dratio (figure S2(a)). The SEM
images show small secondary graphene islands forming over the initial graphene layer (figure 3(f)). The presence
of these islandmay contribute to the increasedD andD’mode since edges are also, in effect, defects [32].

For precursor amounts of 5 mg symmetry of the 2Dmode is no longer present and its intensity is less than
that of theGmode (figure 3(c)). This suggests thematerial is few-layer graphene [31, 33]. This is also confirmed
by the SEMdata inwhichmultilayers are easily observed, as for example infigure 3(g).

With a precursor amount increased to 10 mg theD, andGmodes broaden significantly and the intensity of
2Dpeak drastically decreases relative to theGmode. These changes reflectmulti-layered turbostraticmulti-layer
graphene formationwith poor crystallinity, viz. highly defective graphiticmaterial (figure 3(d)) [34, 35].
Moreover, the corresponding SEM image shows cracked pattern characteristic ofmultilayered graphene as
shown infigure 3(h) [36]. The studies on the growth dependencewith respect to the precursormass showone
can control the layer number by adjusting the precursormass.

We also explored the role of growth time. In these studies, the precursor amountwas kept at 0.5 mg. The
explored growth timeswere 3, 5 and 7 min. The Raman data for a growth period of 3 min is presented in
figure 4(a). The data, identical to that for figure 3(a), shows homogeneousmono-layer graphene growthwhich is
also confirmed by the SEMmicrographs, e.g.figure 4(d).

However, on increasing the growth time to 5 min, theD andD′mode increase in intensity relative to theG
mode indicating an increase in defects. The 2Dmode decreases relative theGmode indicating few-layer
graphene. These features can be seen infigure 4(b). The corresponding SEMdata, e.g.figure 4(e) indicate
homogeneous few-layer graphene formation. A similar trend, suggesting evenmore layer formation after 7 min’
growth time is observed, as shown infigures 4(c) and (f). In summary, the growth time investigations show that
as one increases the growth time so do the number of layers. Thismeans growth time is also a reaction parameter
to control the layer number.

Figure 3.Characterization of the hetero-doped graphene (a to d)Raman spectrawith (a) 0.5 mg (b) 1 mg (c) 5 mg (d) 10 mg precursor
amounts. (e) to (h) respective SEMmicrographs. Scale bar=10 μm.Growth conditions: growth duration 3 min, initial Ar flushing
30 min and precursor decomposed at 380 °C in half closed inner quartz tube. All peaks intensities are normalizedwith respect to theG
mode.
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Wealso explore different heating zone temperatures for the precursormaterial as this can dictate the rate
withwhich the precursor sublimes and decomposes, and hence can affect the feedstock concentrationwith
respect to time. The explored temperatures were 300 °C, 380 °C and 500 °C. The growth duration and precursor
amountwere kept constant to 3 min and 0.5 mg respectively.

With the precursor heating zone set to 300 °C, the opticalmicroscope images from themicro Raman
spectrometer suggested incomplete coverage of graphene.Whenmeasuring graphene fragments the signal was
weak (large signal to noise ratio) suggesting the grapheneflakes themselves are not homogeneous. None the less
theG toD ratio and the 2D toGmode suggest the fragments are graphene (figure 5(a)). This suggests that within
the 3 min growth time, a 300 °Cprecursor temperature is too low in that insufficient feedstock species are
available for full graphene coverage over theCu substrate. The SEM studies confirm incomplete graphene
coverage, e.g.figure 5(d).When adjusting the precursor heating zone to 380 °C, the Raman data confirm the
formation of good qualitymonolayer graphene (figure 5(b)). The SEMdata confirm full coverage of the
substrate with graphene (figure 5(e)). On further increasing the precursor heating region temperature to 500 °C,
predominantlymonolayer graphene is found, with small secondary flakes on the surface, as indicated by the
Raman data and SEMdata (figures 5(c) and (f))which can be attributed to an increase in feedstock
concentration, viz., more efficient precursor decomposition. The data suggests that the optimumprecursor
decomposition temperature is around 380 °C. Additional data for the different trends observed from the Raman
data discussed above are presented infigures S2 and S4 in the supplementary information.

In case of themonolayer of graphene formed further characterizations byTEMwere conducted (figure 6).
Lowmagnification studies showuniform large area deposition of single layer (figure 6(a)). HRTEMstudies show
some defects in the graphene lattice that could be attributed to doping [37]. The corresponding Fast Fourier
Transform (FFT) shows a single set of three-fold reflection spots related tomonolayer graphene (figure 6(b))
[38].Moreover, looking at the edge of thematerial with respect to vacuumconfirms the present of single layer
graphene.

To better comprehend the nature of the doping of the graphene (fromNandO species)we conducted core
level spectroscopy using x-ray photoelectron spectroscopic (XPS) and electron energy loss spectroscopy (EELS).
We beginwith the XPS studies. The low resolution long range survey spectrum (figure 7(a)) reveals a

Figure 4.Characterization of the hetero-doped graphene (a to c)Raman spectra for (a) 3 min (b) 5 min (c) 7 min growth duration. (d)
to (f) respective SEMmicrographs. Scale bar=10 μm.Growth conditions: initial Arflushing 30 min and precursor amount 0.5 mg
decomposed at 380 °C in half closed inner quartz tube. All peaks intensities are normalizedwith respect to theGmode.
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Figure 5.Characterization of the heterodoped graphene (a) to (c)Raman spectra at (a) 300 °C (b) 380 °C (c) 500 °Cprecursor
decomposition temperatures. (d) to (f) respective SEMmicrographs. Scale bar=10 μm.Growth conditions: initial Ar flushing
30 min, growth duration 3 min, one end closed inner quartz tube and precursor amount of 0.5 mg). All peaks intensities are
normalized with respect to theGmode.

Figure 6. (a)TEMImages showing large area deposition of the hetero-doped graphene sheet onTEMcopper grid. Scale bar 500 nm.
(b)HRTEM images showing that the hetero-doped graphene is single layer. Scale bar=2 nm. Inset shows respective FFTwith single
set of 6-fold reflection spots. (c) and (d)HRTEM Images showing defects pointedwith arrows. Scale bar 1 nm.
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predominant graphitic peak at 284.3 eV and additional peaks at 402.7 eV and 531 eV corresponding to theN1s
andO1s electronic transitions respectively [6, 39] and theCu 2p peak at 932 eV [40]. The atomic percentage ofN
andOwas determined to be 2.9%and 8.4% respectively.

The high resolutionC1smain peak (figure 7(b)) can befitted into three components centered at 284.3, 285.6
and 287.1 eV that can be ascribed toC=C,C=N/C–OandC–N/C=Orespectively [6, 39]. The high resolution
O1s peak (figure S5(a)) fitted into two sub peaks at 531.5 and 530.3 eV corresponding toC=O/N–Oand organic
C–Orespectively [41, 42]. The high resolutionN1s spectrum (figure 7(c))was used to determine the differentN
functionalities. The spectrum shows presence of four components. The peaks are assigned to pyridinicN
(398.8 eV), pyrrolicN (400.8 eV) and graphitic N (402.5 eV) [6, 43]. The fourth peak at the higher binding
energy 404.3 eV is assigned to pyridinicN-oxide [43]. However, in the same range of binding energies
sometimes clusteredN substitutions andN2 could also be present [44]. However, N2 species are unlikely in this
case as the samples were annealed prior tomeasurement.Moreover, NO2 species are also ruled out as there is no
signature forNO2 above 405 eV [45].

TheXPS spectra were obtainedwith the hetero-doped graphene still on the copper foil, i.e. as-produced
samples. The high resolutionXPS spectrum forCu2p (figure S5(b)) shows absence of any higher oxidationmetal
oxide peak that usually arise in the formof a shake-up bands in theCu2p spectrum [46]. Furthermore, the
absence of a peak at the higher binding energy of∼537 eV shows no contribution from chemisorbed oxygen
species [47]. This also indicates the homogeneous and large area nature of the as-produced graphene.More
importantly the XPS data confirms the hetero doping of the graphenewithO andN in a variety of
configurations. To further confirm the dopingwithO andN species, we implemented EELS. Figure 6(d) shows a
prominent CarbonK edge at 284.5 and 295.5 eV that arise from electronic transitions from the 1 s core level to
unoccupied empty high energyπ* andσ* states above the Fermi level respectively indicating sp2 hybridized
carbon [48].

Moreover, theNK edge shows aπ* peak at 397.7 andσ* at 401.2 eV as seen in the inset offigure 6(d) that
corresponds to sp2 boundN in a hexagonal conformation and substitutionalN, respectively [48, 49]. TheO-K
edge present at∼531 eV indicates oxygen atoms bound to carbon atoms [50].

We additionally look at the functional groups (doping) of the hetero-doped graphenewith FTIR. In the FTIR
spectrum (figure 7(f)) the peaks at∼1213 cm−1 and∼1110 can be attributed toC–OandN–Ovibrations,
respectively [51–53]. The peak at 1531 cm−1 is due to theC=C stretchingmode and appears as a strong peak

Figure 7.Characterization of the hetero-doped graphenewith optimized conditions; i.e., 3 min growth duration, initial Ar flushing
for 30 min, 0.5 mg precursor amount decomposed at 380 °C in one end closed inner quartz tube (a)XPS Survey spectra (b)High
resolutionN1s spectra (c)High resolutionC1s spectra (d)EELS spectra showingNitrogen andCarbon (e)EELS spectrumofOxygen
(f)ATR spectrum in transmissionmode showing presence of different functionalities.
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[51]. The presence of C=Ospecies can also be confirmed from strong absorption at 1745 cm−1 [53]. The other
prominent peak at 1650 cm−1 arises fromC=N [54].Moreover, in the region above 3200N–Hgroup absorbs at
3230 cm−1 [54]. From 3600 to 3700 cm−1 absorption due toOH functional groups give rise to an intense and
broad peak [39]. ThisOHpeakwas also observed in the pure undoped graphene sample thatwas used as a
control as shown infigure S5(c)which is attributed to the absorption from the ambient. Therefore, the
possibility of theOHgroup presence being a part of heterodoped graphene structure from synthesis can be
ruled out.

Thus, theXPS, EELS and FTIR data all confirm a variety of different doping configurationswithN andO as
indicated in table 2. They conform the direct single step synthesis of hetero-doped graphenewithN andO
species.

Finally, we also examined the sheet resistance of the hetero-doped graphene sheets, produced under
different synthesis conditions, using the four probemethod. For the different precursormasses the sheet
resistance increase with increasing precursor amount as shown infigure S6(a). This correlates with theRaman
spectroscopy data that shows as the precursormass increases so does the intensity of theD andD’ bands
suggesting an increase in defects. Defects in graphene such as vacancies, dopants and grain boundaries all serve a
scattering sites for electrons thereby decreasing conductivity and increasing the resistance [55, 56].

Similarly, with increasing growth times (figure S6(b)) the sheet resistance values correlate with the RamanD
andD’modes trend. Increased growth times lead to an increase in the number of defects. For different precursor
heating zone temperatures, the corresponding sheet resistance (figure S6(c)) is highest for the low temperature
of 300 °Cwhere there is incomplete coverage of the hetero-doped graphene, while for higher temperature with
complete coverage the sheet resistance is reduced.

4. Conclusions

In summary, we have synthesized large area single- and few- layer highly crystalline hetero-doped graphenewith
both oxygen and nitrogen based species, for the first time, in a one-step thermal LPCVDapproach. The synthesis
step reported here is also afirst in thatwe demonstrate hetero doping can be achieved using a single solid
precursor as theC andmulti elemental feedstock. The different synthesis parameters of growth time, precursor
mass and precursor heating zone temperature and inner tube configurationwere carefully studied. They show
howone can use these parameters to tailor the number of layers. The data highlight themulti doping nature of
the graphenewhich is important for catalytic applications.
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