
CHEMICAL ROUTES TO MATERIALS

High degree of N-functionalization in macroscopically

assembled carbon nanotubes

Ruairi J. McGlynn1, Paul Brunet1, Supriya Chakrabarti1, Adam Boies2, Paul Maguire1, and
Davide Mariotti1,*

1Nanotechnology and Integrated Bio-Engineering Centre (NIBEC), Ulster University, Newtownabbey BT37 0QB, UK
2Department of Engineering, University of Cambridge, Cambridge CB2 1PZ, UK

Received: 1 February 2022

Accepted: 18 June 2022

Published online:

15 July 2022

� The Author(s) 2022

ABSTRACT

Nitrogen doping of carbon nanomaterials has emerged as a method to develop

novel material properties, though limitations in the form of extended treatment

times, harsh chemical usage and limited total nitrogen content exist. Here,

macroscopic ribbon-like assemblies of carbon nanotubes are functionalized with

nitrogen using a simple direct current-based plasma–liquid system. This system

utilizes the plasma-generated species in an ethanol:water solution with

ethylenediamine as a nitrogen precursor for the nitrogen functionalization of the

carbon nanotube assembly. These unique, plasma-generated species and path-

ways enable rapid and high levels of functionalization with the atomic con-

centration of nitrogen reaching 22.5%, with amine groups, pyrrolic groups and

graphitic nitrogen observed in the X-ray photoelectron spectra, the highest ever

achieved. This nitrogen content is demonstrated to be significantly higher than a

comparative electrolysis process. This demonstrates that this plasma process

enhances the availability of nitrogen from the ethylenediamine precursor,

facilitating greater functionalization.

Handling Editor: Dale Huber.

Address correspondence to E-mail: d.mariotti@ulster.ac.uk

https://doi.org/10.1007/s10853-022-07463-7

J Mater Sci (2022) 57:13314–13325

Chemical routes to materials

http://orcid.org/0000-0003-1504-4383
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-022-07463-7&amp;domain=pdf


GRAPHICAL ABSTRACT

Introduction

Modification of carbon nanotubes (CNT) to produce

advanced functional materials is of high industrial

interest and can be achieved in a range of ways,

which can include modifying the individual CNT as

well as modifying the bulk application material. For

instance, in the latter case, great improvements have

been achieved by densification with record perfor-

mance parameters [1]. When individual CNT are the

target of modification, two primary approaches are

generally considered to enhance and optimize

application-relevant properties. The first option is to

create CNT-based composites by depositing another

material, such as transition metals or their oxides,

onto the surface of the CNT to develop new proper-

ties, often relevant to electrical [2] or electronic

applications [3–6]. The alternative, and the focus of

this work, is to functionalize the CNT with chemical

species to yield different material properties.

Replacing carbon atoms in the CNT lattice with

oxygen, nitrogen or boron has generated significant

interest and attention for modifying the electronic

and chemical properties of CNT. For example, due to

their high surface energy, individual CNT tend to

agglomerate which can limit the efficacy of their

utilization in some real-world products. Covalent

functionalization of the CNT sidewalls with oxygen-

based or nitrogen-based functional groups can be

used to modify the surface energy of the CNT [7], and

in doing so the inherent hydrophobic nature of CNT

can be reduced. This improves the wettability and

dispersibility in solvents, by reducing the tendency of

the CNT to agglomerate. This is critical in applica-

tions where preserving the long-term dispersibility of

CNT in liquid is of paramount importance, such as

for solar-thermal energy conversion [8–11]. Also, in

other applications surface-functionalized CNT have

been utilized to overcome the issue of poor interfacial

interaction between CNT and epoxy matrix when

forming composites, reducing the probability of

delamination failure and enhancing the mechanical

properties [12, 13].

Introducing nitrogen functional groups into the

graphitic lattice is also of interest for a range of

energy storage devices, where this can produce far-

adaic pseudocapacitive reactions which are of appeal
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in supercapacitor applications [14]. Small concentra-

tions of nitrogen in double-walled CNT (0.86 at%)

have been shown to reduce the charge transfer

resistance (threefold) and almost doubling the

specific capacitance [15]. The increase of the specific

capacitance of multi-walled CNT (MWCNT) has been

ascribed to the introduction of pyridinic and pyrrolic

functional groups as well as the increase in the

structural disorder [16]. Battery technologies could

also benefit from the integration of N-doped carbon

materials, particularly pyridinic nitrogens, which

have been found to anchor lithium-polysulfide com-

plexes, therefore improving the cyclic performance

[17, 18]. N-doped carbons have recently been

demonstrated to work as an alternative catalyst

material, and presents a much less expensive alter-

native to Pt [19]. N-doped graphene (4 at%) have not

only been demonstrated to act as a catalyst for the

oxygen reduction reaction, but they also are insensi-

tive to the poisoning by carbon monoxide. The high

electrocatalytic activity and stability of N-doped

graphene have been shown to be vastly superior to Pt

[20]. Alternatively, arrays of N-doped CNT have been

demonstrated to a current density of almost 4 times

that of a Pt/C electrode, with stability of up to

100,000 cycles [21]. Amino-groups functionalized

CNTs have been demonstrated as high-rate and

highly cyclable capacitors, benefiting from double-

layer capacitance due to the hydrophobicity but also

strong pseudocapacitance from the increase active

sites for redox reactions [22]. Further, amine-func-

tionalized CNTs have been demonstrated to have

hydrogen evolution and oxygen evolution reactions

with efficacies comparable to traditional metal-based

electrocatalysts and strong stability [23]. It is clear

that a wealth of applications can be enhanced

depending on the predominant functional groups.

A variety of methods have been used to produce

nitrogen-doped CNT, both by the addition of a

nitrogen precursor to the CNT growth process and as

a post-synthesis step. Replacing hydrogen with a

nitrogen-containing alternative in a chemical vapor

deposition reaction is a popular option to fabricate

N-doped CNT as they grow. A variety of doping

levels have been achieved with ammonia (0.86–7.3

at%) [15, 24–26] acetonitrile (4 at%) [27], acrylonitrile

(7.5 wt%) [28] or imidazole (13.82 wt%)[29]. By mil-

ling pre-fabricated CNT with melamine or urea

(0.6 g:0.26 g) for 4 h and subsequently annealing at

600 �C for 1 h in a nitrogen environment, CNT with a

nitrogen content of up to 9.6 wt% could be produced

[30]. Gas-phase nitrogen-based plasmas have also

displayed the capability of generating functional

groups on the sidewalls of MWCNT [16]. A total

atomic nitrogen concentration of 21.26% was

achieved, comprised of pyridine, pyrrole, quaternary

nitrogen, pydrinic-N-oxide and nitrogen–oxygen

groups. It appears that achieving high-doping con-

tents of CNTs with nitrogen groups is also more

difficult than other carbon allotropes as highlighted

in 2016 [31], where 36.38 at% and 29.82 at% nitrogen

doping could be achieved for graphene quantum

dots and graphene, respectively. However, only 7.79

at% could be doped into CNTs using the same

methods.

In this work, the functionalization of macroscopic

assemblies of CNT, referred to herein as ‘‘ribbons’’, by

a simple, single-step atmospheric-pressure plasma-

liquid treatment is investigated. Atmospheric pres-

sure plasmas have been shown in the literature to

produce a range of radicals and species when inter-

acting with the surface of a solution [32]. Whilst some

of these are short-lived and go on to produce other

species, here we have found that the plasma-liquid

treatment enhances functionalization of the CNT over

electrolysis. Ethylenediamine (EDA) is added to the

electrolyte solution as a nitrogen source as it has

previously been demonstrated to be effective in the

preparation of N-doped carbon quantum dots

[33, 34]. The ribbon electrode configuration reported

in this manuscript was developed and selected fol-

lowing various trials with different mounting con-

figurations (see supporting information for more

details). The reaction steps for the decomposition of

EDA by plasma-generated species are also discussed.

Experimental methodology

Synthesis of the carbon nanotube ribbons

The carbon nanotube ribbons in this work are pro-

duced by direct-spinning from a floating-catalyst

chemical vapor deposition system [35–37]. The iron

catalyst nanoparticles are formed by the thermal

decomposition of ferrocene vapor carried in a carrier

gas of hydrogen. Sulfur is a critical precursor for this

reaction, therefore thiophene is transported in the

carrier gas stream through the furnace. The hydrogen

carrier gas also helps to maintain the catalytic activity
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of the iron particles by etching amorphous carbon

coatings [38]. After several minutes of flowing the

ferrocene and thiophene, hydrocarbons are added to

the furnace in the form of methane [39]. After the hot

zone of the furnace, the material begins to cool and a

dense web of dark carbon material forms in the

center of the work tube. This aerogel is sufficiently

strong that it can be drawn out to form a long black

‘‘sock’’.

To produce the CNT ribbons in this work, gas

flows of 116 standard cubic centimeters per minute

(sccm) of hydrogen through the ferrocene bubbler, 90

sccm of hydrogen through the thiophene bubbler, a

methane flow rate of 160 sccm and a carrier hydrogen

flow rate of 1470 sccm are flown through a tube

furnace held at 1290 �C. The materials are processed

by pressing the aerogel into ‘‘ribbons’’ as described in

the supporting information. for compressing the

aerogel intertube distance[1, 40]. Secondly, this mor-

phology allows for a more rigorous and repeat-

able functionalization process to take place as well as

a more reliable characterization that would allow

comparing different samples.

Plasma-induced non-equilibrium
electrochemistry process

The CNT ribbons are then treated by a plasma-in-

duced non-equilibrium electrochemistry process

(PiNE), see Fig. 1a–c. An electrolyte solution of 1:9

ethanol:distilled water is mixed with ethylenedi-

amine as the nitrogen precursor. Ethylenediamine

was selected specifically as it had previously been

successfully utilized to generate nitrogen doped car-

bon quantum dots in a similar configuration of the

PiNE system [33]. Three different concentrations of

ethylenediamine are explored, 2.5 volume percent

(vol%), 5 vol% and 10 vol%, with the total electrolyte

volume maintained at 18 mL to fully submerge the

CNT ribbon. The CNT ribbon is secured within a

polytetrafluoroethylene (PTFE) holder (Fig. 1b, c) and

connected as the anode. The process may also induce

oxidation at the surface of the CNTs via hydroxyl

species produced by the plasma at the interface. This

is observed by an increase of oxygen concentration

also for solutions without EDA. The atmospheric-

pressure plasma discharge is used at the cathode and

was sustained within a helium gas flow of 25 sccm

(‘‘PiNE’’, Fig. 1a). The discharge was sustained for

10 min at a set constant current of 10 mA. The plasma

discharge was initiated at 1.43 kV and through the

process it varied within a small range of voltage

values (1.36–1.45 kV). The configuration for the PiNE

treatment was the result of an optimization process

and other methodologies were also trialed (see Sup-

porting Information). The CNT ribbons, after PiNE

treatment, were then rinsed three times with distilled

water (3 MX cm-1) to remove any remaining elec-

trolyte. To compare the PiNE treatment, the pristine

samples were also treated by soaking, where the

sample is simply submerged in the electrolyte solu-

tion (referred to as ‘‘soaked’’, Fig. 1d) for 10 min. A

second comparative process was performed through

electrolysis (‘‘electrolysis’’, Fig. 1e). For the electroly-

sis method, the CNT ribbon was also secured with

the same PTFE holder (Fig. 1b, c) and connected as

the anode, with a 1 cm2 piece of platinum foil acting

as the counter-electrode. A 10 mA of constant current

is sustained for 10 min of treatment. The voltage

applied was started and maintained at 1 kV for the

time of the treatment. The same rinsing procedure

was followed whereby the CNT ribbons were rinsed

three times with distilled water (3 MX cm-1) to

remove any remaining electrolyte after the soaking

and electrolysis treatments. The comparative experi-

ments, soaking and electrolysis, were carried out only

at the highest concentration of EDA.

For each of these processes, four separate samples

are treated for each concentration, with the mean and

standard deviation generated as a measure of the

variance within the process.

Experimental details

To prepare samples for scanning electron microscopy

(See supporting information), Raman and X-ray

photoelectron spectroscopy (XPS) the ribbons are laid

down onto a silicon substrate. Several drops of

ethanol are applied and evaporated via a hotplate set

at 70 �C, resulting in a dry ribbon that is adhered to

the silicon substrate. A Schottky field emission Hita-

chi SU5000 instrument with an X-MaxN 80 silicon

drift detector from Oxford Instruments is used to

assess the thickness of the CNT ribbons. The samples

are then attached to the sample stub by double-sided

conductive carbon or copper tape which also acts to

ground the sample. EDX measurements were con-

sistently taken during the SEM measurements, at

10 kV, with a spot intensity of 50 and a working

distance of 10 mm.
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Raman measurements were obtained with a Hor-

iba LabRAM 300 spectrometer. A helium–neon laser

is used to produce a fixed wavelength light beam of

632.81 nm, which is incident onto the sample. Five

measurements were made across the length of the

produced CNT ribbons, approximately 0.5 cm apart

to both enable characterization of the graphitization

of the material and the variation within the sample.

The data was baseline corrected with an eighth-order

polynomial baseline subtraction by the system soft-

ware (LabSpec, Horiba). The areas enclosed by each

component in the spectra were calculated by inte-

grating with OriginPro 8.5 software. The D band was

considered the peak at 1335 cm-1 with the G band at

1580 cm-1. A third peak at 1622 cm-1 was consid-

ered as the D’ band and was fitted to exclude it from

the G band area. The areas of the D and G band peaks

are calculated using Origin software.

XPS was carried out with a Kratos Axis Ultra DLD

spectrometer. The X-ray source was an Al anode

(1486.7 eV), and the operating pressure of the system

was maintained at 10–9 bar. High-resolution spectra

scans were carried out with a resolution of 0.05 eV.

The C 1 s high-resolution spectra were de-convo-

luted, and the adventitious carbon C–C peak was

charge corrected to 284.8 eV. Shirley backgrounds

were fitted to the dataset for each high-resolution

spectrum. As the samples were sufficiently conduc-

tive to prevent sample charging, no additional

grounding between the sample and sample bar was

used. The conductive nature of the samples made the

use of the neutralizer beam redundant, reducing the

number of simultaneous interactions with the

sample.

Figure 1 Schematic diagrams of the configurations used to treat

the carbon nanotube ribbons in this work. a–c Show thess

schematic, a 3D render of positioning and the securing the CNT in

the PTFE for PiNE processing. Schematics d and e illustrate the

Soaking and Electrolysis configurations respectively.
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Results and discussion

Raman spectroscopy was performed to determine the

G:D ratios by dividing the peak area for the G-band

by the peak area for the D-band. These were calcu-

lated for the samples before and after the treatment to

illustrate any change in the defect concentration, with

the mean values plus or minus one standard devia-

tion reported in Table 1. To note that due to the

variability of the CNT synthesis method, the pristine

ribbons presented slightly different G:D ratios. In

order to account for this variability and compare the

samples, the G:D ratio for the treated sample is

normalized to the G:D area ratio of the pristine

sample, presented in Fig. 2. Therefore, a value greater

than 1 suggests an increase in the graphitization,

whilst a normalized G:D value lower than 1 suggests

an increase in disorder of the graphitic lattice by

means of increased defect content. The sample trea-

ted with PiNE at 2.5%vol EDA shows no significant

change in the G:D ratio over the pristine sample

counterparts. At both 5%vol and 10%vol EDA a 19%

and 27% diminishment of the G:D ratio is observed

for the PiNE samples, respectively. However, the

largest G:D decrease is observed for the electrolysis

samples, where a 37.5% decrease in G:D ratio was

observed compared to the same samples prior to

treatment. Given that there is a decrease in the G:D

ratio for the PiNE samples at 5%vol and 10%vol EDA,

it is expected that nitrogen has grafted into the gra-

phitic lattice. If multiple carbon atoms had been

replaced with a single nitrogen atom, or if the car-

bon–carbon double bonds of the graphitic lattice have

opened to accept additional functional groups or

indeed other defective-type functionalizations, the

CNT wall structure will be altered, explaining the

diminished G:D ratio observed. The soaked sample

appears to be unaffected, as it would be expected

when no chemical reactions are promoted.

X-ray photoelectron spectroscopy is utilized to

determine the degree and type of nitrogen inclusion

within the graphitic lattice of the CNT. In order to

analyze the type of functional group bonds to the

CNT, upper and lower limits were set for the peak

position of each functional group type including

amine, graphitic, pyridinic, pyridinic-N oxide and

pyrrolic (Supporting information Table S1) and the

peak areas were calculated by the CasaXPS software.

However based on our initial analysis it was clear

that the contributions of pyridinic and pyridinic-N

oxide were negligible, hence these were omitted from

subsequent fitting and only amine, graphitic and

pyrrolic are considered in the analysis below.

The pristine samples prior to any treatment did not

show any nitrogen peak. PiNE samples are compared

for 2.5 vol%, 5 vol% and 10 vol% EDA concentration,

Fig. 3a. Of the considered bonding types, only three

appear to be present, amines groups, pyrrolic groups

and graphitic groups. It is blatantly obvious that

nitrogen functional groups have been introduced

following PiNE. In addition, Fig. 3b compares the

nitrogen peak after soaking, electrolysis and PiNE

treatment with 10 vol% EDA, with the pristine

Table 1 The data sets used to calculate the normalized values for

conductivity, cross-sectional area and g-band to d-band area ratios

EDA concentration (vol%) G:D ratio

Pristine After treatment

PiNE

2.5 1.0 ± 0.2 1.0 ± 0.3

5 1.6 ± 0.2 1.3 ± 0.4

10 1.5 ± 0.2 1.1 ± 0.2

Soaked

10 1.1 ± 0.3 1.1 ± 0.2

Electrolysis

10 0.8 ± 0.2 0.5 ± 0.1

Figure 2 The normalized Raman G band to D band ratio for

carbon nanotube ribbons treated in a solution containing

ethylenediamine in varying concentrations. The measured G:D

ratios of the samples after treatment were normalized against the

G:D ratio measured prior to the treatment, i.e. divided by the

pristine values as per Table 1.

J Mater Sci (2022) 57:13314–13325 13319



sample included demonstrating the zero nitrogen

content of the untreated materials. This figure clearly

illustrates that whilst the three major components are

present, graphitic, amine and pyrrolic nitrogen, the

peak areas are shown to be much lower in the case of

soaking and electrolysis. The nitrogen content for all

samples was determined based on the area under the

curves using the appropriate sensitivity factors to

produce atomic percentages, Fig. 3c. It is abundantly

clear that the inclusion of nitrogen is greatly

enhanced when the CNT ribbon is treated by PiNE.

With 2.5 vol% and 5 vol% EDA, the PiNE samples

yield 17 at% and 17.6 at% nitrogen, respectively. With

the 10 vol% EDA electrolyte a mean value of 22.5 at%

nitrogen was achieved and it is of note that this value

has surpassed the previous highest nitrogen concen-

tration (21.26 at%) [16]. We should note that we have

also tried with higher EDA concentrations (e.g. see

figure S5 in the Supporting Information), however,

possibly due to competing reaction mechanisms, the

doping did not increase further. N-functionalization

by soaking and electrolysis reached only 1.7 at% and

7.8 at%, respectively, with the same 10 vol% EDA,

Fig. 3c. Further analysis of the N 1 s fitted peak areas

at 10 vol% EDA is presented in Fig. 3d. PiNE can be

seen to give peak areas with several thousand counts

per second eV (CPSeV) more than the soaked sample.

The electrolysis method yields enhanced functional-

ization compared to the soaking at 10 vol% EDA, but

Figure 3 a X-ray photoelectron spectra for of N 1 s high-

resolution spectra for samples treated by PiNE and with

ethylenediamine volume percentages of 2.5%, 5% and 10%. b A

comparison of the nitrogen 1 s peak for pristine, soaked and

electrolysis treated ribbons against that for PiNE-treated samples at

10 vol% ethylenediamine. c The atomic percentage of nitrogen

measured by X-ray photoelectron spectroscopy for samples treated

in an ethylenediamine solution. d A comparison of the peak areas

of amine, pyrrolic and graphitic nitrogen groups for soaked, PiNE

and electrolysis configurations at 10 vol% EDA.
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still falls short of the PiNE by a factor of 3.3 for amine,

2.3 for pyrollic-N and 4.1 for the graphitic-N bonding.

In order to fully appreciate the mechanisms that

lead to nitrogen incorporation in the CNTs, in depth

kinetic modelling would be required as, experimen-

tally, the generation of active species and importantly

the surface reactions cannot be decoupled from the

functionalization process as a whole (see below).

However, our experimental results can provide the

basis for some insights into the complexity of these

plasma-induced chemical pathways. For instance, the

differences between the plasma-based PiNE, the

electrolysis methods and the other trialled configu-

rations indicate that either the primary functional-

ization pathway is accelerated by the plasma-

generated species or the plasma-generated species

open a new reactive pathway which results in the

greater degree of functionalization. As the content of

nitrogen is significantly increased in the case where

the CNTs acts as the anode (electron acceptor) com-

pared to the other configurations in the SI, negatively

charged/nucleophilic nitrogen species must have an

active role in the functionalization steps and can

result from the electron-induced reactions at the

plasma-liquid interface.

Gas-phase electrons and solvated electrons exist at

high densities/concentrations above the interface

and at the liquid-side of the interface, respectively,

[41–43]; this is particularly true in this case where the

liquid acts as the anode and are concentrated in the

near-plasma region.

Electrons both in the gas phase as well as in their

solvated state decompose water molecules to form a

range of species including H, OH- ions, �OH radicals

and all these have been reported to initiate hydrogen

detachment of dissolved acetonitrile (C–H bond

energy 413 kJ mol-1) to form highly reactive free

radical monomers [44]. It is therefore feasible and

Figure 4 The plasma-liquid treatment may result in the radicalization of the graphitic lattice and the formation of additional defect sites.

The generated nitrogen species may then bind to these sites to produced nitrogen-functionalized carbon nanotubes.
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reasonable to anticipate hydrogen detachment for

EDA at the N–H bond terminations which have

lower bond energy (391 kJ mol-1) [45] than the C–H

termination of acetonitrile. These hydrogen detach-

ment reactions result in EDA radical and charged

species and EDA ions may undergo further hydrogen

detachment reactions and decompose into several

additional species such as �NH2. It has been shown in

the literature that these nucleophilic intermediaries of

EDA (strong reducing agents) and radicals created at

the plasma-liquid interface graft onto the sidewalls of

a CNT/graphene by opening the carbon double-

bonds [46, 47] and creating additional defects sites

[44]. The combination of these defect-creating mech-

anisms can be used to explain the greater concen-

tration of nitrogen functional groups achieved in this

work as our experimental results confirm that higher

nitrogen concentrations can be achieved when the

CNTs participate as an active electrode and that

electrolysis alone is unable to produce the required

radical species. Figure 4 summarizes these

mechanisms.

Conclusions

Nitrogen has been successfully included within the

ribbon using this solution-based plasma treatment,

with a dramatic increase in amine, pyrrolic and gra-

phitic nitrogen groups, especially in the case of the

ribbon electrode. In fact, we achieved an exception-

ally high nitrogen concentration of 22.5 at%. This

plasma-liquid treatment may present an alternative

method to produce functionalized materials for

industry, where the nitrogen groups added to the

CNT in this work would lend themselves to a myriad

of applications including, enhanced dispersion in the

resins typically used for forming advanced composite

materials [12], lithium storage [48], metal-free catal-

ysis [49] and CNT photovoltaic cells [50]. The plasma-

generated species are suggested to enhance the defect

and carbon radicals concentrations which would aid

the grafting of nitrogen groups into the lattice.
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