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Abstract: 

Carbon materials are used in a diverse set of applications ranging from pharmaceuticals to 
catalysis.  Nitrogen modification of carbon powders has shown to be an effective method for enhancing 
both surface and bulk properties of as-received material for a number of applications.  Unfortunately, 
control of the nitrogen modification process is challenging and can limit the effectiveness and 
reproducibility of N-doped materials.  Additionally, the assignment of functional groups to specific 
moieties on the surface of nitrogen-modified carbon materials is not straightforward. Herein, we 
complete an in-depth analysis of functional groups present at the surface of ion-implanted Vulcan and 
Graphitic Vulcan through the use of X-ray Photoelectron Spectroscopy (XPS) and Near Edge X-ray 
Adsorption Fine Structure Spectroscopy (NEXAFS). Our results show that regardless of the initial starting 
materials used, nitrogen ion implantation conditions can be tuned to increase the amount of nitrogen 
incorporation and to obtain both similar and reproducible final distributions of nitrogen functional 
groups. The development of a well-controlled/reproducible nitrogen implantation pathway opens the 
door for carbon supported catalyst architectures to have improved numbers of nucleation sites, 
decreased particle size and enhanced catalyst-support interactions.   

Introduction: 
Carbon-based materials are among the most studied systems in the scientific community due to 

their versatility, low cost, availability and a wide range of properties1–5. The physical, chemical, optical, 
and electronic properties of carbon materials vary among their allotropic forms and greatly depend on 
the structure, morphology, and surface composition of the carbon. High surface area carbon materials 
have been extensively used for sorption, sensing, catalysis, and storage applications.  In many energy 
generation and storage applications, carbon materials are used as supports to facilitate dispersion of 
noble and non-noble catalysts. Among commercially available carbon supports, carbon blacks and 
activated carbons are the most commonly used, with various nanostructured carbons such as graphene, 
fibers, nanotubes, and mesoporous morphologies emerging in recent decades. Functionalization of 
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these carbon-based materials allows researchers to tune carbons surface properties, increasing its utility 
across a wide range of applications. 

In the case of carbon supports employed in catalytic processes, the most important 
characteristics are surface area, structural organization, porosity, and surface composition1. Synthesis 
and/or manufacturing routes often greatly influence the surface composition, leading to a range of 
concentrations for graphitic and oxide components2,5–7. Many different oxygen functional groups have 
been detected on carbon support materials including carboxyl, carbonyl, quinone, ether, hydroxyl, 
phenol, and lactone groups. These groups influence the acid/base nature of the support surface and act 
as nucleation centers during the deposition of metal catalysts2,8–10. In addition, the properties of carbon 
supports can be altered by the introduction of other heteroatoms, such as sulfur, phosphorous, boron, 
fluorine, iodine and nitrogen3,11–14. Replacement of the carbon atoms with other heteroatoms changes 
local chemical reactivity, improving nucleation and enhancing binding energy between the support and 
metal nanoparticles15. Due to its size and the presence of a lone pair of electrons, nitrogen introduces 
defects into the carbon structure of graphitic carbon matrices2,4,5.  

As a convincing body of recent work has shown, functionalization of the carbon support with 
heteroatoms is now widely regarded as one of the promising routes for improving the interactions 
between the support and noble-metal electrocatalysts for both reducing and oxidizing catalytic 
reactions in polymer electrolyte membrane fuel cell (PEMFC) applications2,3,16–19. Nitrogen 
functionalization has also led to improvements in the nucleation of metal nanoparticles (NPs) when 
compared against unmodified references regardless of the type of carbon support used. The general 
trend among the literature reports indicates that increasing nitrogen levels tends to lead to decreased 
catalyst particle sizes14,16,20. However, nucleation is also enhanced by the presence of other defects such 
as carbon vacancies that can modify energy of adsorption and therefore improve nucleation17,21. Beyond 
nucleation effects, DFT calculations have indicated that energy of dissolution for metal catalysts can also 
be greatly affected by nitrogen defects, and whether the effect is beneficial or not depends on the 
functionality of the nitrogen and the nature of the metal catalyst22. Other DFT studies indicate that 
bonding between platinum and carbon increases in strength with the increasing number and proximity 
of nitrogen atoms. Recently, this has also been shown experimentally using electron energy loss spectral 
(EELS) imaging analysis to quantify nitrogen in the functionalized support on the nanometer length-scale 
and establish correlation between regions with high nitrogen content and stabilized metal 
nanoparticles22. More recent DFT work by Muhich et al., discusses the differences in behavior of 
nitrogen and boron functionalized graphene. Their results show that boron atoms have little influence 
on Pt atom migration outside the boron containing carbon rings, but can help trap Pt atoms.  
Meanwhile, nitrogen is less effective in preventing Pt atom hopping, but does increase the energy 
barrier, minimizing the migration of Pt atoms over nitrogen containing sites and thereby improving the 
stability of Pt atoms up to 1 nm away from the nitrogen site23.  

Chemical vapor deposition (CVD) and nano-casting from solution, followed by pyrolysis of 
precursor molecules, are perhaps the most popular routes to incorporate nitrogen functionalities into 
the bulk of carbon materials4,24,25. However, substitutional doping of graphene can also be achieved with 
other direct synthesis routes such as segregation growth and solvothermal approaches. Synthesis of N-
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containing nanotubes, nanofibers, and graphene is typically aimed at increasing the amount of nitrogen 
incorporation and forming specific functionalities and bonding environments, which can be controlled 
by the growth parameters. Between the low and high doping regimes that exist in this synthesis, the 
latter is recognized as experimentally challenging2. While there are many analogies between nitrogen 
modified bulk carbons and nanostructures with well-defined dimensions, one must use caution 
comparing the two systems5.  

In addition, post-synthesis routes including thermal treatment and ion implantation have been 
studied as possible methods for modifying the surface layer of carbon supports. Studies of nitrogen 
implanted highly ordered pyrolytic graphite (HOPGs) allow for the basic understanding of nitrogen 
implanted functionalities while reducing the complexity/heterogeneity associated with the 
incorporation of nitrogen into high surface area carbons18,26. Due to the fact that ion implantation not 
only incorporates nitrogen but also creates structural damage, studies have compared unmodified and 
N modified HOPG to HOPG modified with Ar. These studies demonstrated the negative effects of edge 
defects and vacancies present in Ar modified samples17,21. Low implantation dosages of nitrogen also 
resulted in significant physical damage and incorporation of only small amounts of nitrogen, causing a 
negative effect on the stability of noble metal catalyst nanoparticles. However, at higher implantation 
dosages a significant amount of nitrogen was incorporated achieving saturation levels for both physical 
damage and nitrogen (~6-8% concentration). Various types of nitrogen functionalities were detected on 
the surface of modified HOPG, indicating that implantation results in the incorporation of nitrogen into 
the graphitic network via the formation of graphitic-type nitrogen, as well as the increase of edge-plane 
sites through the formation of doubly-coordinated nitrogen species. It was hypothesized that high 
implantation dosages led to the formation of clustered multi-nitrogen defects, which led to improved 
durability of the supported metal nanoparticles.  

Several research groups have applied ion implantation to modify higher surface area materials, 
including CNTs and carbon blacks. While incorporation of nitrogen into CNTs has been most widely 
studied using chemical methods, Xu et al. have demonstrated CNTs modified with nitrogen 
implantation. Their work explored 3 keV ion implantation producing nitrogen concentration in the range 
of 1.5-11.3 at.% while also studying the effect of post annealing. The results showed triangular sp2 and 
tetrahedral sp3 configurations at lower temperatures and preferential substitutional nitrogen after 
higher annealing temperatures. In the case of carbon blacks ion implantation was performed using 100 
eV and resulted in about 1-2 at.% nitrogen, leading to improved PtRu catalyst durability22,27–29.   

While some effort has been placed on understanding the role of nitrogen in realistic 
“application-based” environments utilizing high surface area carbon supports, a lack of knowledge exists 
in understanding the specific nitrogen functionalities and their role in improving performance30.  In this 
work we expand the understanding of nitrogen-functionalized high surface area carbon supports by 
focusing on the careful analysis of the distribution of nitrogen functionalities through XPS and NEXAFS, 
created using a variety of ion implantation parameters. The results contained herein show that 
increasing implantation time only marginally elevates nitrogen concentration, forming mostly single 
defect structures. Increasing the beam current results in the formation of more complex defect 
structures containing clustered multi-nitrogen defects, similar to those observed in carbon nitride 
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materials. We also show that higher nitrogen dosage levels create a more homogeneous distribution of 
nitrogen functionalities, regardless of the initial carbon material or the resulting nitrogen concentration.     

Experimental: 

Nitrogen implantation of powder carbon samples was performed in a custom chamber31 using an ion 
source. The chamber featured a rotating wheel (rotated at 30rpm) to ensure more homogeneous 
functionalization of powder materials (Fig. 1).  During an experiment a standard mass (500 mg) of 
commercially available powder (Vulcan, Graphitic Vulcan, Ketjenblack, Graphitic Ketjenblack, MSC-30, 
PEEK, and Black Pearl) was put into the rotating sample holder (see figure 1), and the chamber was 
evacuated to less than 5x10-6 Torr. Prior to implantation the carbon powders were out-gassed by 
heating to above 180 oC for 15 min and then implanted with a 3 cm direct current (ITI) Ion Source 
(Veeco) at a pressure of 1x10-3 Torr (N2) using a range of beam currents and implantation times. After 
implantation the samples were slowly brought back to standard pressure using N2 gas and exposed to 
atmospheric conditions. For more experimental details on the implantation process we refer reads to 
reference 30.  

XPS analysis was performed on a Kratos Nova X-ray photoelectron spectrometer using a monochromatic 
Al Kα source operating at 300 W, while providing charge compensation using low energy electrons. 
Survey and high-resolution C1s, N1s and O1s spectra were acquired at 160 eV and 20 eV, respectively for 
at least 3 areas per sample. Spectra were analyzed and quantified using CasaXPS software employing 
sensitivity factors supplied by the manufacturer. Analysis included the subtraction of a linear 
background and charge referencing to the aromatic carbon signal at 284.8 eV. Spectra were fitted with a 
series of 70% Gaussian/30% Lorentzian line shapes with a width constrained to 0.9-1.2 eV.  

NEXAFS data was collected at beamline 10-1 of the Stanford Synchrotron Radiation Lightsource (SSRL), 
SLAC National Accelerator Laboratory in Menlo Park, California.  Beamline 10-1 uses a spherical grating 
and a wiggler insertion device with a spot size of <1 mm2.  The light source has a linear polarization of 
~80%, and an energy resolution (ΔE/E) greater than 2x10-4.  The endline analysis chamber has an 
operating vacuum pressure of ~10-9 torr and is equipped with a cylindrical mirror analyzer (CMA, PHI 
Inc), a Channeltron total electron yield detector, and a XYZ sample control translation stage which also 
provides rotational command. Data was collected while monitoring the beam flux with a gold mesh as 
well as a reference sample of mixed metal oxides. 
 
The incoming flux was normalized by monitoring the beam flux with a gold mesh mounted upstream of 
the main chamber. The slits of the monochromator were opened to provide intermediate energy 
resolution (<0.2 eV) in the NEXAFS, and in the XPS measurements, the CMA analyzer was operated at 50 
eV pass energy for a resolution of about 0.5 eV (~0.7 eV total). The energy scale of the NEXAFS scans 
was calibrated by first correcting monochromator energy drifts by simultaneous collection of a 
reference spectra from a calibration sample intercepting a few percent of the beam upstream of the 
main chamber, IREF(E), for all scans. The absolute energy scale was then determined by comparison to a 
boron nitride reference standard calibrated according to Jimenez et. al.32. 
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Results and Discussion: 
 
Low dosage implantation: commercial carbons 

To examine the effects of nitrogen on various commercially available carbon materials, ion 
implantation was completed using the identical implantation conditions for each of the carbon materials 
listed in the experimental section. The ion implantation current was set at 13 mA and for a period of 60 
minutes (“low dose” conditions) while the powder was ‘tumbling’ in the rotating wheel of the 
implantation chamber. Each powder was analyzed with XPS before and after implantation.  The 
concentrations of oxygen and nitrogen before and after low-dose implantation, shown in Figure 2 do not 
reveal any clear trends between the initial and final elemental compositions. High-resolution N 1s 
spectra, shown in Figure 2b, reveal that the N-functionalities present in the doped carbons depend 
strongly on the nature of the initial carbon material, but are not directly related to the initial surface 
composition measured with XPS (Figure 2 or the level of graphiticity estimated from Raman analysis (SI 
Fig. 1). The scanning electron microscopy (SEM) images provided in SI Figure 2 also do not show a clear 
trend between morphology type and N doping concentration. In other words, the implanted nitrogen 
content under low-dose conditions is likely influenced by a wide range of surface-specific properties 
(e.g. porosity, surface area, morphology, graphiticity, and level of oxidation).   

Based on these results, it is likely that “low dose” conditions lead to single defect sites that are 
highly dependent on the initial properties of the carbon.  Therefore, we examined implantation using 
higher dosages for selected materials to determine if more extensive implantation could lead to 
improved control and reproducibility of the resulting nitrogen surface functionalities. Vulcan and 
Graphitic Vulcan were selected for the “high dosage” study because they showed dramatically different 
behavior when implanted under “low dosage” conditions (Figure 2b). The selection of Vulcan and 
Graphitic Vulcan was also motivated by the strong differences in the behavior of these materials when 
used as supports for precious metal catalysts in PEMFCs. Specifically, while graphitization of supports 
has been shown to lower carbon corrosion, these corrosion resistant supports have a low density of 
nucleation sites (resulting in poor dispersions of the Pt NPs and poor Pt/support interactions). By 
incorporating favorable surface functional groups through controlled doping, this issue can be 
addressed, providing significant enhancement while still enabling the use of a traditional, low cost 
carbon material.  

Table 1 lists implantation conditions and the resulted dosage levels supplied to the Vulcan and 
Graphitic Vulcan powder samples discussed hereafter. Dosage levels are given in total ions delivered by 
the beam rather than ions/cm2 due to uncertainly in the true surface area exposed during implantation 
of powder samples.  

Implantation Time Series: Vulcan 

To explore the effect of the implantation time, Vulcan black was implanted for a range of times from 0-
120 min at a constant beam current of 13 mA.  Two regimes can be seen in Figure 3, which plots the 
concentration of nitrogen and oxygen as a function of implantation time: (0-20 min decreasing 
functionalization, and 40-120 min increasing functionalization).  On average, undoped Vulcan contained 
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1-1.5 at% nitrogen and 7-9 at% oxygen. Carbon blacks typically have different oxygen functional groups 
on the support surface (i.e. carboxyl, quinone, ether, etc.).  The N 1s XPS of unmodified Vulcan (Fig. 4a), 
shows a relatively narrow peak at a binding energy (BE) of 399.8 eV (No).  This binding energy is 
commonly observed in nitrogen containing polymers reporting C-N and/or O=C-N types of 
functionalities33. This range can also be attributed to chemisorbed nitrogen species34. Therefore, we 
ascribe the detected nitrogen in undoped Vulcan to either impurities during the synthesis of the carbon 
or to chemisorbed N-species from atmospheric conditions.   

During the initial stage of implantation on Vulcan, the concentration of nitrogen species is depleted. In 
Figure 3a the nitrogen content is reduced by a factor of 2 after only 20 min, confirming that a large 
number of nitrogen surface groups are very weakly bound to the carbon and easily removed.  After 20 
min of implantation, the initial peak observed in the high resolution scan of unmodified Vulcan is no 
longer observed. Instead, five new peaks positioned at 398 (N1), 398.8 (N2), 399.6 (N3), 400.3 (N4) and 
401 eV (N5). The formation of these new species commensurate with the relative decrease in the total 
nitrogen content and indicates that new nitrogen defects are created while the initial weakly bonded 
species are removed (“regime 1”). As implantation time increases beyond 20 min (“regime 2”), the total 
nitrogen concentration as well as the concentration of newly formed functionalities increases.  At higher 
dosage levels, the nitrogen content exceeds 2 at% with a distinctive increase in N4, N1 and N2.   

During the initial 20 min of implantation the overall concentration of oxygen decreases (Fig. 3b). 
Compared to nitrogen, however, fewer oxygen species are removed during the initial 20 minutes of 
implantation, resulting in an increase in the oxygen/nitrogen ratio. The remaining oxygen species are 
associated with well-defined, chemically-incorporated oxygen surface groups, as has been previously 
mentioned. As the implantation time increases beyond 20 min, the variability of the oxygen 
concentration between various areas of the sample gradually decreases, while the overall oxygen 
content starts to increase, suggesting the creation of surface defects during implantation that are 
passivated/oxidized by oxygen species upon subsequent exposure of the sample to atmosphere.  

To help identify the nitrogen species formed during ion implantation we correlate XPS and NEXAFS 
spectral scans measured after the different implantation times (Figure 4).  Throughout the literature 
there are three BE regions identified for major functional groups in nitrogen doped carbon materials, 
graphitic nitrogen, pyridinic nitrogen, and pyrrolic nitrogen.   

For XPS, structures that have nitrogen substituted for carbon (graphitic nitrogen) are typically reported 
between 399.8-401.8 eV30,35.  In Figure 4, N4 (400.3eV) is the most dominant XPS peak after 
implantation, which falls within the region for graphitic or substitutional nitrogen.  This binding energy is 
slightly lower than the binding energy reported for azafullerenes; molecules that contain a single 
nitrogen substitution (400.7 eV). Additionally, we observe a small XPS peak at 401.2 eV (N5) that could 
also be ascribed to graphitic/substitutional nitrogen, similar to those observed by others in CVD-
synthesized and ion-irradiated graphene materials30. The wide range of BE’s reported for 
graphitic/substitutional N have been attributed to differences in the core hole screening, substrate 
effects and different structural orders30.   Due to this wide BE range, Peak N4 could also have 
contribution from species, such as amide groups (N-C=O)36. The correlation between the increased 
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relative intensity of N4 and the increased amount of oxygen species (Figure 3) as implantation time 
increases, supports this assignment. However, NEXAFS give another clue into the convoluted identity of 
N4.  The NEXAFS signature at 400.4 eV (Figure 4b) likely corresponds to the low energy pi star resonance 
from a 3-coordinated nitrogen site30,37–39, indicating the presence of graphitic nitrogen in these samples. 
Therefore, a combination of graphitic and amide-like functional groups is expected.    

In nearly all studies on N-doped carbon supports, low BE XPS peaks located near N2, are typically 
assigned to pyridinic nitrogen26,40–43. The NEXAFS data, shows a strong resonance at 398.8 eV, which 
could be associated with either pyridinic nitrogen or other high density nitrogen defect structures like 
triazine44. The XPS and NEXAFS features associated with these types of structures increases in relative 
intensity as implantation dose increase, indicating that clustered nitrogen defect sites increase with 
implantation time. This hypothesis is further confirmed by the increasing intensity of peak N1, located at 
398.0 eV,  which likely corresponds with the sp2 nitrogen in imine-like functional groups 45. 
For the entire sample set shown in Figure 4, the XPS peak at 399.6 eV (N3) appears in relative 
abundance, however the assignment of this peak is not straightforward, as many functionalities, 
including pyrrole, nitrilic, and amine have been reported in this energy range2,18,30,46,47. As such we are 
using NEXAFS to help elucidate the dominant functionality present in this BE range for our samples.  In 
NEXAFS, a 1s -> pi star transition is expected at ~402.3eV for pyrrolic nitrogen48,49, however, the samples 
examined here do not possess a spectral feature at this energy.  Additionally, the imprint of nitrilic 
species near 399.6 eV is not observed in our NEXAFS data either50–53. Therefore, we conclude that the 
XPS peak N3 can not be attributed to pyrrolic or nitrilic species. Combining this insight with the 
appearance of a well-defined NEXAFS peak around 401.2eV, it is most possible that N3 is associated with 
amine-like functional groups54,55.  

In total, Figure 4 shows the general trends for the nitrogen functionalities as a function of implantation 
time in Vulcan.  After the nitrogen-cleaning phase of 20 min we observe that nitrogen peaks N1 (imine), 
N2 (pyridinic), N3 (amine), N4 (graphitic/amide) and N5 (graphitic).  Samples implanted at moderate 
doses (20-60 min) show very similar distributions of nitrogen species. Increasing the implantation time 
to 120 min further increases the N1, N2, and N4 peaks, implying a relative increase in the level of imide, 
pyridinic, graphitic and possibly amide groups, while amine-based nitrogen appears to reach a 
saturation limit after moderate dosages and perhaps converts to amide at longer dosages.  

Implantation Current Series: Vulcan 

To further understand the effects of implantation, the beam current was varied while maintaining a 
constant implantation time of 60 minutes.  It was observed that a progressive increase in the beam 
current leads to a gradual increase in nitrogen content. At the highest beam currents, a 2x greater 
increase in nitrogen content is achieved compared to the time-variant implantation studies (Fig. 5a).   

The XPS and NEXAFS spectral changes with beam current are shown in Figure 6. It is clearly observed 
that Vulcan samples implanted at different dosages have dissimilar nitrogen functionalities.  As seen 
from XPS (Fig. 6a), samples implanted at the lowest dose condition (13 mA) show new nitrogen 
moieties, including graphitic and pyridinic species, similar to the previous section. In comparison, the 
N1s spectrum of Vulcan doped at higher beam current (22 mA) becomes dominated by a newly formed 
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mix of graphitic, amide and amine (N4 and N5) and pyridinic (N2) species. Nevertheless, the overall 
shape of the nitrogen XPS peak for both of these relatively “low dose” samples reveal a close similarity 
related to the fact that a large majority of species are centered near ~400 eV, with lower binding energy 
species being less abundant.   

In the Vulcan samples implanted at “higher dose” conditions (35 mA and 50 mA) we observe a drastic 
increase in the low binding energy species that cause a broadening of the N 1s spectra (Fig. 6 and 7). As 
previously discussed, the N2 peak (398.8 eV) is attributed to a pyridinic structure, where nitrogen in the 
aromatic ring is bound to two carbon atoms. Some samples implanted at these high conditions also 
show new peak at ~402 eV (N6), typically assigned to oxidized nitrogen groups, such as pyridine-N-
oxide30. It is not surprising to detect these species in samples with the large amount of pyridinic N 
species observed at 398.8 eV. The additional increase in low BE XPS species (below 398.5 eV) in these 
high dose conditions could be due to imine groups and/or structures similar to those observed in 
triazine, heptazine and amorphous carbon nitride, indicative of high nitrogen defect densities (clustered, 
multi-nitrogen sites, Fig. 8)45. All of these structures show XPS peaks at binding energies near N1. 
Additionally, the NEXAFS results (Fig. 6b) corroborate this possibility, as we observe the major signatures 
associated with those features increasing in intensity with increasing beam current. Specifically, the 
NEXAFS features at 398.9 eV and the 400 eV have been attributed to pure triazine 44 and polymers with 
triazine functionalities56, respectively. It is worth noting that peaks in this range (~398.5eV and ~400eV) 
have also been associated with porphyrin structures, which possess similar high concentrations of 
nitrogen defect sites. Therefore, we propose that XPS peaks at low binding energies are a mix of single 
pyridnic nitrogen defects and multi-clustered nitrogen defects (e.g. triazine-like), similar to the 
structures shown in Figure 8. According to previous experimental observations and DTF calculations, 
these types of clustered multi-nitrogen defects lead to enhanced catalyst support interactions22.  

Implantation Current Series: Graphitic Vulcan 

In addition to the Vulcan black, we also examined a series of modified Graphitic Vulcan samples. Figure 
5b demonstrates that the trend for the nitrogen content as a function of beam current for Graphitic 
Vulcan is same as for Vulcan samples.   

A small amount of nitrogen is detected in the unmodified Graphitic Vulcan, centered at N4 (400.3 eV), 
see Figure 2b. This indicates that nitrogen in unmodified Graphitic Vulcan is most likely present as amide 
groups or graphitic nitrogen. The nature of the initial nitrogen species is thus very different between the 
unmodified Vulcan and Graphitic Vulcan materials. After implantation, the change in shape of the N1s 
spectra for Graphitic Vulcan modified at 13 mA (Fig. 6) indicates the incorporation of a wide variety of 
nitrogen species. Similarly, to the implanted Vulcan series, we observe the formation of N1, N2, and N5 
spectral features. Interestingly, we also observe formation of species positioned at N3. It is clear from 
the NEXAFS data that the feature associated with graphitic nitrogen disappears for these samples in 
favor of the more clustered structures.  It is hypothesized that due to the different properties of the 
support (graphitic Vulcan vs. vulcan) less graphitic nitrogen is observed in NEXAFS while XPS still detects 
species corresponding to substitutional nitrogen (N5).  This suggests that single graphitic nitrogen 
substitutions are replaced with more complex defect sites since only the peaks associated with clustered 
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nitrogen/triazine peaks (398.9 and 400.0 eV) are observed in NEXAFS.  Indeed, the ratio of the NEXAFS 
feature at 398.9 eV (pure Triazine ) to that at 400 eV (related to triazine bonded to a carbon 
framework56), is greater for the 50 mA condition than at the 25 mA condition.  This could indicate that 
the number of pure triazine-like sites increases as beam current increases, revealing a continued shift 
toward carbon-nitride like films at high dose conditions. These facts combined with the increase in low 
BE XPS features indicates the possibility of more clustered nitrogen defects (pyridine or triazine) 
occurring during high dose conditions.  Figure 7 provides further comparison of the XPS spectra from the 
two materials (Vulcan and graphitic Vulcan) as a function of beam current, and reveals that high 
implantation dosages (50 mA) lead to similar distributions of nitrogen functionalities for both Vulcan and 
Graphitic Vulcan (although total nitrogen concentrations can vary). However, any lower dosage and the 
variations between graphitic Vulcan and Vulcan become markedly different with respect to surface 
functionality and concentration.  

 Interestingly, the shape of N1s spectra obtained for Vulcan and Graphitic Vulcan doped at 50 mA (Fig. 7) 
is very similar to those obtained for PEEK and MSN doped using low dosages (Fig. 2). Therefore, by 
tuning the dosage to the specific carbon material used, one can obtain a consistent blend of clustered 
multi-nitrogen functional groups on the surface of various carbon materials. These types of moieties 
have been previously reported to provide the best catalyst support interactions. 

Conclusions 
This work underscores the complexity of carbons doped with nitrogen and offers pathway to tune the 
composition though nitrogen ion implantation.  The results show that the relative percent of sp, sp2, and 
sp3 hybridized nitrogen sites as well as doping concentration can be controlled by ion implantation 
parameters.  Specifically, high current implantation conditions offer saturated nitrogen concentration 
levels and provide higher relative percentages of clustered nitrogen functionalities.  It is also shown that 
during the initial implantation process a cleaning of the carbon surface may occur, decreasing 
chemisorbed oxygen and nitrogen species.  After this initial phase, a steady increase in nitrogen and 
oxygen functional groups is observed as nitrogen is implanted into the carbon matrix and edge defects 
are created.  The data presented herein also points toward evidence that at saturated nitrogen 
concentrations, carbon nitride-like structures (e.g. Triazine, heptazine, etc.) may be forming at the 
carbon surface.  These surface species could serve multiple purposes in various applications: 1) an 
increase in electrochemical stability compared to standard carbon; 2) greatly improved conductivity to 
facilitate charge transport; 3) stronger catalyst-support interactions to enhance the activity of precious 
metal; and 4) suppression of precious metal agglomeration occurring due to migration/coalescence and 
dissolution/reprecipitation.  
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