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Abstract: N-doped reduced graphene oxide (RGO) has been prepared in bulk form by laser irradiation of graphene oxide (GO) dispersed in
an aqueous solution of ammonia. A pulsed Nd:YAG laser with emission wavelengths in the infrared (IR) 1064 nm, visible (VIS) 532 nm, and
ultraviolet (UV) 266 nm spectral regions was employed for the preparation of the N-doped RGO samples. Regardless of the laser energy
employed, the resulting material presents a higher fraction of pyrrolic nitrogen compared to nitrogen atoms in pyridinic and graphitic coordination.
Noticeably, whereas increasing the laser fluence of UV and VIS wavelengths results in an increase in the total amount of nitrogen, up to 4.9
at. % (UV wavelength at 60 mJ-cm? fluence), the opposite trend is observed when the GO is irradiated in ammonia solution through IR
processing. The proposed laser based methodology allows the bulk synthesis of N-doped reduced graphene oxide in a simple, fast, and cost

efficient manner.

Introduction

Graphene is a unique two-dimensional material that consists of a single layer of sp>-hybridized carbon atoms arranged in a honeycomb
structure.l'l A perfect graphene sheet is a zero-gap semiconductor since its conduction and valence bands meet at the Dirac points.
However, the absence of a semiconducting bandgap hinders some of its potential applications. To overcome this problem, numerous
methods have been proposed to introduce dopants into the graphene structure in order to tailor its electronic properties.?

Among the different doping strategies, the introduction of nitrogen heteroatoms is receiving an increased attention. The presence of
nitrogen in the graphene lattice opens a narrow bandgap making the system an electron rich n-type semiconductor. The unique physical
and chemical properties of N-doped graphene find application in a wide range of areas, including biosensing,® hydrogen storage!* and
catalysis,®! to name some. The majority of doping strategies result in samples where the nitrogen heteroatoms are present in different
coordination environments, namely pyridinic, pyrrolic and graphitic (or quaternary).®! Each type of nitrogen has a different contribution
to the electronic structure of the material,l? and thus to the performance of N-doped graphene for a given purpose.®l From the synthesis
point of view this opens up new perspectives for the rational design of N-doped graphene bearing a specific type of coordinated nitrogen
to meet the requirements of a specific application. Therefore, to optimize the performance of N-doped materials several strategies are

being developed to foster the pyridinic,!® pyrrolic [ 1% or graphitic ['"! contribution.



N-doping can be performed either during the synthesis of graphene or via a post-synthesis modification of either individual graphene
layers or the bulk material. For instance, individual layers and thin films of nitrogen doped graphene have been prepared via chemical
vapour deposition, ¥ 12 plasma enhanced chemical vapour deposition,[¥ low-energy N,* ion sputtering [l and laser irradiation.[']
When it comes to bulk doping of graphene, the most commonly employed strategies involve hydrothermal treatment,!'8! microwave
assisted synthesis,!'”l or thermal annealing in the presence of ammonia gas,'® being graphene oxide (GO) widely employed as starting
material.

As a high power-density optical energy source, laser is capable of processing graphene and related materials in a controlled manner.
Laser based methods are simple, rapid, and energy efficient compared to the aforementioned strategies for the preparation of N-doped
graphene. To date, most efforts with laser technologies have focused on the reduction of GO partly restoring the sp? domains. GO has
been laser treated in form of thin films mainly through infrared (IR) ['® and ultraviolet (UV) wavelengths,?” and in liquid dispersions of
the bulk material using UV 2" and visible (VIS) radiations.??! Simultaneous reduction and doping of GO may occur during the irradiation
of GO in the presence of reactive gases such as ammonia % or chlorine.” Laser irradiation of GO also finds application for dye
removal from wastewaters 2% and for the preparation of flexible organic photovoltaic cells.?®! Despite that laser irradiation of GO in the
presence of ammonia solution has been recently reported as an efficient reducing technique,??? the influence of the variation of the
laser energy in the final composition of the sample (level of reduction) is not yet elucidated. Moreover, the possibility of using laser-
assisted technologies for doping bulk samples of graphene-based materials has not been investigated. Here we show that laser
irradiation also arises as a competitive and efficient strategy for the introduction of nitrogen heteroatoms in the honeycomb structure.
Several GO samples dispersed in aqueous ammonia have been irradiated using nanosecond pulsed lasers with different wavelengths
(UV, VIS, IR) and fluences (20-900 mJ-cm-2). The role that these laser irradiation parameters have on the level of doping, reduction as

well as on the structure and morphology of the resulting N-doped materials has been investigated.

Results and Discussion

The first evidence of laser-induced structural changes in the GO samples comes from visual inspection of the dispersions before and
after irradiation. Whereas GO dispersed in ammonia presents a brownish colour, all the samples become darker after irradiation,
regardless of the laser wavelength and fluence employed. The morphology of the different samples was investigated by means of
transmission electron microscopy (TEM). Both single and few layered graphene were observed by TEM inspection of the sample.
Figure 1 shows a TEM image and the corresponding selected area electron diffraction (SAED) pattern of the GO employed as starting
material. The observed diffraction spots correspond to the (100) and (110) planes (d-spacing = 2.11 A and 1.23 A, respectively) of the
hexagonal lattice of the crystalline graphitic structure,?” which is mostly preserved upon oxidation. However, the spots appear blurred
as a consequence of the corrugation of the GO sheet.?!] According to the intensity of the inner and outer diffraction spots, the obtained

pattern is in agreement with the presence of a single layer graphene sheet.?”]
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Figure 1. (a) TEM image and (b) SAED pattern of GO. (c) Corresponding intensity profile along the direction indicated with a white line in (b).

Representative TEM images of the samples after laser irradiation with different wavelengths and fluencies are presented in Figure 2,
where slight variations in the appearance of the material are observed. In case of the UV irradiated samples, intensive wrinkling of the
sheets is produced, resulting in a rag-shaped morphology (Figure 2(a)). The surface of the GO sheets irradiated using VIS laser shows
the presence of spherically shaped areas with ca. 40 nm average diameters (Figure 2 (b), pointed by white arrows). The morphology
of the GO sheets appears to be better preserved when the irradiation is performed with an IR wavelength at low fluences (Figure 2 (c)).
However, similarly to the VIS irradiated samples, the highest applied fluence (900 mJ-cm™) at this wavelength (IR) also shows the
presence of the spherically shaped areas (Figure 2 (d)). HRTEM images were acquired to shed some light on the structure of these
round shaped areas, which turned out to have anamorphous appearance lacking of crystallinity (Figure 2 (e,f) (dotted circle)). Thus,
the laser-induced formation of other carbon allotropes such as graphitic particles or nanodiamonds, which synthesis has been
previously reported upon laser irradiation of carbon-based materials,?® can be discarded.

Laser-induced creation of structural defects in graphene oxide based compounds has been previously observed.?%: 2% The radiation
absorbed by GO sheets mainly leads to the development of extremely fast temperature variations of the material during the irradiation.
The originated thermal energy would provoke chemical reactions of the functional groups present in the GO sheets, leading to the
formation of structural defects in the graphene backbone. The accumulation of defects in combination with the laser pulse-induced
thermal cycling would lead to the development of extremely high stress in the confined GO structure. Therefore, the origin of the
observed wrinkled morphology could be attributed to the steady deformation of the GO irradiated sheets triggered by thermally created
defects. Furthermore, more significant radiation-induced transformations will be provoked upon increasing the photon energy (lower
wavelength) or laser fluence employed. Therefore, the spherical areas created by irradiation at high laser fluence might be due to
fragments split from the graphene oxide. Apart from fast temperature variations, UV radiation can also prompt photochemical reactions
since the photon energy (4.7 eV) is larger than many of the activation energies of the chemical groups present in GO.[30] Thus, UV
light lead to chemical and structural modifications of the GO structure, not achievable by means of VIS and IR radiation. This fact
explains the higher quantity of structural defects observed in GO sheets irradiated with UV, as compared to VIS and IR irradiation

(Figure 2).



Figure 2.TEM images of samples irradiated with (a) UV- 60 mJ-cm?, (b)VIS-300 mJ-cm™, (c) IR - 300 mJ-cm? and (d) IR - 900 mJ-cm?. (e, f) HRTEM images of
samples irradiated with (€) VIS - 300 mJ-cm?and (f) IR - 900 mJ-cm™.

The laser induced structural changes on the GO irradiated samples are also reflected in their Raman spectra (Figure S1, Supporting
Information). For ease of comparison, the Raman spectrum of the reference material (non-irradiated GO in NH3) along with the UV,
VIS, and IR laser treated samples with the same fluence of 60 mJ-cm are presented in Figure 3. Two prominent peaks can be observed,
which are characteristic of graphene oxide based materials. The peak centred at ca. 1350 cm' is related to the A1g symmetry breathing
mode and arises from the presence of different types of structural defects in the aromatic rings (D-band), while the peak located at ca.
1590 cm-', known as G-band, is related to well-ordered sp?-type bonds in the planar structure of graphite based materials.E" Three
additional peaks located at ca. 1140 cm™', 2680 cm™', and 2940 cm™" are also observed that correspond to N-H in plane deformations, 2
2D and D+G bands,® respectively. The intensity ratio of the D and G bands (Ip/lg) is commonly employed to estimate the disorder
level of the sp? graphene structure.®4 All the irradiated samples show a slight increase in the Ip/lg ratio with respect to the reference
material (Table S1Supporting Information). This might account for the creation of structural defects, in agreement with the TEM
observations (Figure 2), and for the incorporation of N atoms into the RGO.[® Another consequence of the presence of structural

defects and the N doping of RGO is the considerably small intensity of the 2D band.
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Figure 3. Raman spectra of the reference (non-irradiated GO in NH3) and irradiated samples with UV (266 nm), VIS (532 nm), and IR (1064 nm) wavelengths at 60
mJ-cm laser fluence.

Next we assessed the degree of reduction of the samples by the laser treatment. Although XRD has been widely employed for this
purpose,®”l due to the small amount of sample obtained with the employed experimental set-up we used XPS. XPS analysis allows
assessing both the degree of reduction and the amount of nitrogen incorporated into the structure through the quantification of the
nitrogen, oxygen and carbon atomic contents. Furthermore, since different chemical environments are associated to specific binding
energies, it is possible to discern the nitrogen-based functionalities introduced after the laser treatments. As expected, the general
survey scans confirm the presence of carbon (C1s ca. 284 eV), oxygen (O1s ca. 530 eV) and nitrogen (N1s ca. 400 eV) for all the
samples. The presence of nitrogen can actually be already detected in the reference sample, prepared by dispersing GO in NH3 at
room temperature. Oxygen bearing functionalities attached to the graphitic network, namely carboxylic, hydroxyl or epoxy groups, can
easily interact with ammonia containing solutions, leading to the formation of amino-functionalized GO.*¥ However, despite that an
important amount of N is present in the reference sample (2.0 at. %), there are no significant changes in both, C and O contents when
compared to GO (Table 1), suggesting that the sample did not suffer any modifications in the conjugated network, i.e. no doping has
taken place. Thus, the N atoms introduced in the reference material may correspond to N-bearing aliphatic moieties, formed by a

nucleophilic attack of NHz onto the O-containing fractions.



Table 1. Calculated atomic concentrations of C, O, and N content of samples irradiated by UV (266 nm), VIS (532 nm), and IR (1064 nm) as determined by XPS.

Sample (E‘J‘?Cr;ﬁi) C(at%) | o(@t%) [N (at%)
GO - 66.6 32.8 0.6
(R%%rgr""ge) - 65.5 325 20
GO, NH, 20 76.2 19.3 45
(Zeg\;m, 60 75.9 19.2 4.9
0. NH, 60 71.8 26.2 2.0
VIS 150 733 24.3 24
(532 nm) 300 76.9 19.8 33
60 70.7 26.3 3.0
GO, NH; 150 716 25.8 2.6
(106|f nm) 300 705 27.0 25
900 71.8 25.9 23

The high-resolution C1s XPS provides information about the distribution of the aliphatic groups attached to the conjugated lattice. In
case of GO, the highest contribution corresponds to ketone groups (27.8 at. %), followed by a 15 at. % of carboxylic species and 9.2
at % of carbon linked to oxygen atoms by single bonds; Table S2, Supporting Information). After dispersing the material in the NH3
solution the appearance of a new peak, usually assigned to C-N bonds is observed.[®?! The 62.7 % decrease in the concentration of the
carboxylic groups suggests that NHs mainly interact with these species to produce N-derivatives. The contribution of the C=C (284.8
eV) signal remains almost invariable, confirming that the conjugated lattice has been scarcely modified during the process (Figure S2
(a- b)).

As expected, all the laser treated samples undergo a partial reduction.®® This is reflected by an increase in the relative amount of
carbon content, from 65.5 at. % in the reference material to 70.7-76.9 at. %, depending on the photon energy and fluence of the
employed laser. Figure 4 (a) shows the variation of both C (squares) and O (circles) concentration after irradiation of the GO-NHj3
dispersions with UV, VIS and IR energies. A higher degree of reduction is obtained by employing a higher photon energy, which can
be appreciated when comparing samples treated at the same fluence (60 mJ-cm) under different laser photon energies (75.9 at. %,
71.8 at. % and 70.7 at. % C for UV, VIS and IR lasers, respectively). XPS spectra of the N-doped RGO irradiated with UV and VIS light
are presented in Figure S2 (c-d). Following the same trend, the highest level of nitrogen is introduced when employing the highest
photon energy (UV), achieving contents of 4.9 at. % N. VIS and IR irradiations lead to much lower nitrogen content, in the range of 2.0-
3.3 at. %. The amount of nitrogen that can be introduced with the present approach is similar to the values commonly achieved by
other reported protocols, including chemical vapour deposition growth of N-doped graphene and bulk synthesis of N-doped graphene-

based materials via thermal, solvothermal and electrochemical methods. 60 401
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Figure 4. (a) Dependence of carbon and oxygen atomic concentration on the laser fluence. Samples were irradiated with UV (266 nm), VIS (532 nm) and IR (1064
nm). (b) Nitrogen content present in the samples after laser treatments.
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The role of the laser fluence on the amount of nitrogen present in the samples deserves some attention. Whereas an increase in the
laser fluence, i. e. number of photons, results in an increase in the nitrogen content for both the UV and VIS wavelengths, the opposite
trend is observed under IR irradiation, with a decrease in the nitrogen content from 3.0 at. % (60 mJ-cm™) to 2.3 at. % (900 mJ-cm?).
To better appreciate the influence of the different experimental parameters, Figure 4(b) summarizes the nitrogen content with respect
to the laser wavelengths and fluencies employed.

Next, the type of nitrogen present in the irradiated samples was determined by deconvolution of the high resolution XPS spectra over
the N1s area. The N1s signal was deconvoluted to three peaks centred at 398.6 eV, 399.8 eV and 401.8 eV, which have been
respectively assigned to pyridinic, pyrrolic and graphitic nitrogen in N-doped materials.[*!! The position of the two peaks at lower binding
energies overlaps with that of aliphatic amine/amide groups [8: 2% and therefore, special care is needed when using XPS to assess
the degree of doping. In the present study, the presence of graphitic N suggests that structural N is introduced into the sample by
laser/NHj3 treatments (Figures S2-S4, Supporting Information). Additional evidence of doping arises from the observed agglomeration
of the material upon irradiation, since the presence of N-bearing aliphatic functionalities would result in highly dispersible samples.®?!
The doping process is produced via the interaction of the oxygen based moieties on the GO surface and the nitrogen source. We
analysed the variation on the concentration of these species in the samples to confirm the presence of structural N (introduced in the
conjugated lattice) upon irradiation (Table S2, Supporting Information). Initially, GO is dispersed in aqueous ammonia (reference

sample) prior to its irradiation by laser to afford the N-doped RGO. Therefore, GO undergoes aliphatic functionalization of its surface



and thus the reference material still contains a significant contribution from C=0 (27.2 %, from deconvolution of XPS C1s). A dramatic
decrease of C=0 in the C1s region is observed by subsequent treatment under UV, VIS and IR lasers (down to 3.2 %-7.7 %) which is
accompanied by an increase in the contribution of the C=C signal. This implies that in the present study, the aliphatic O-based groups
in GO are initially functionalized forming N-containing aliphatic species when the samples are dispersed in NH;. The laser irradiation
induces rearrangements and the subsequent incorporation of the N atoms in the conjugated system. Nevertheless, despite having
experimental evidence of doping, the presence of N-bearing aliphatic functionalities cannot be completely ruled out, since both doping
and N-aliphatic groups might coexist.[“2

It should be noted that all the irradiated samples have the highest contribution from pyrrolic nitrogen, reaching up to 71.4 % of the total
N content for the UV treated sample at 60 mJ-cm (Table 2). This behaviour is in agreement with the studies of Guo et al. on laser
irradiation of GO films in the presence of NH3 gas, where the formation of pyrrolic nitrogen is also favoured.?® Graphene enriched with
pyrrolic nitrogen has shown good performance, for instance, as electrical double layer supercapacitor® and metal-free

electrocatalyst.*4!

Table 2. Calculated atomic concentration of different types of N based on high-resolution XPS spectra.
Sample (231?7?2) Content | Pyridinic N | Pyrrolic N |Graphitic N
20 at. % 1.0 3.1 0.4
GO, NHs, 100 % N 22.2 % 68.9 % 8.9 %
UV (266 nm) 60 at. % 1.0 3.5 0.4
100 % N 20.4 % 71.4 % 8.2 %
60 at. % 0.6 1.2 0.2
100 % N 30 % 60 % 10 %
GO, NHs, 150 at. % 0.5 1.4 0.5
VIS (532 nm) 100 % N 20.8 % 58.4 % 20.8 %
300 at. % 0.7 2.0 0.6
100 % N 21.2 % 60.6 % 18.2 %
at. % 0.5 1.8 0.7
€0 100 % N 16.7 % 60 % 23.3 %
at. % 0.5 1.7 0.4
GO, NHs, 150 100 % N 19.2 % 65.4 % 15.4 %
IR(1064 nm) at. % 0.5 1.7 0.3
300 100 % N 20 % 68 % 12 %
at. % 0.6 1.5 0.2
900 100 % N 26.1 % 65.2 % 8.7 %

The different chemical behaviour (reduction and N-doping) of GO submitted to IR, VIS, and UV laser pulses (Table 2) could be
essentially related to the activation energy of different chemical processes. While thermal and photo-induced migration of species for
the initiation of chemical reactions would require low energy, attainable by IR photons (1.2 eV photon energy), different photo-activated
chemical reaction pathways would appear by the action of larger energy VIS (2.3 eV) and UV (4.7 eV) photons.%

To complete the study, both the reference material and the irradiated samples were next investigated by UV-Vis spectroscopy, since
this technique allows monitoring changes in the electronic transitions of GO caused by N-doping. UV-Vis spectra of samples processed
with UV, VIS, and IR radiation at 60 mJ-cm™ laser fluence are presented in Figure 5. The spectrum of the reference sample has two
characteristic signals also present in graphene oxide, corresponding to the -11* (ca. 230 nm) and n-1r* (ca. 300 nm) electron transitions,
generally associated to the C=C and C=0O groups present in the conjugated lattice and the aliphatic oxygen-functionalities
respectively.*! In all the irradiated samples a red shift of the T-* peak can be observed. This shift can be directly related to the level
of reduction of the material and the nitrogen content.*?l The change of peak position could thus be ascribed to partial restoration of
electronic conjugation of GO generally produced by the elimination of the oxygen based functionalities (defects) present into the

lattice.?'2 461 On the other hand, the higher the nitrogen content, the higher the shift to the red region is observed.l? The nitrogen



contribution to the red shift can be better appreciated comparing the VIS and IR samples which have the same amount of oxygen (ca.
26.2 %) but different amounts of nitrogen (2.0 and 3.0 at. %, respectively). Following the discussion the IR sample presents a higher
red shift (236 nm) than the VIS treated sample (233 nm) with respect to the reference material (230 nm). Additionally, the highest
decrease in the n-1* transition band is observed for the sample containing the highest amount of N-based functionalities confirming

the relation between the elimination of oxygen bearing functionalities from the GO lattice and the level of doping.*7]
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Figure 5.UV-Vis spectra of reference and samples irradiated with UV, VIS, and IR laser pulses and 60 mJ-cm fluence.

Conclusions

Laser irradiation has been employed for the preparation of N-doped RGO, further expanding the protocols available for the bulk
synthesis of N-doped graphene-related materials. The laser-assisted doping goes via the irradiation of GO in an aqueous solution of
ammonia. The role of both the laser energy (UV, visible, and IR) and fluence on the resulting material has been investigated by means
of TEM, XPS, Raman and UV-Vis spectroscopies. Whereas UV (266 nm) and visible (532 nm) laser irradiations yield to higher nitrogen
doping with the increase of the laser fluence, the opposite trend is observed by the IR (1064 nm) processing. The obtained results point
out that mainly thermal mechanisms, induced by IR radiation, provoke different reduction and N-doping chemical paths than those
influenced by additional photochemical ones, induced by visible and UV radiation. Regardless of the laser energy and fluence employed,
all the laser treated samples present a larger amount of pyrrolic nitrogen than pyridinic and graphitic fractions, reaching relative N-
pyrrolic contents of 71.4 %. The highest level of N-doping (4.9 at. % N) was achieved with UV laser radiation at a fluence of 60 mJ-cm~
2. This level of doping is within the range achieved by most doping strategies. The most important advantages of the proposed method

for the synthesis of N-doped reduced graphene oxide lie in its simplicity, rapidness (nanoseconds), and energy efficiency.

Experimental Section

Synthesis of GO

GO was prepared via a modified Hummers’ method. Concentrated H2SO4 (46 mL) and NaNOs (1 g) were mixed with 2 g of graphite powder (20 pm,
Sigma—Aldrich), and cooled down to 0 °C. After 30 min, KMnO4 was added slowly (6 g) keeping the temperature of the solution below 20 °C. The reaction

mixture was warmed to 35 °C and stirred for 30 min. Afterwards, 100 mL of distilled water were added and the temperature was raised to 98 °C and held



for 2 h. Then, additional water (400 mL) and a 30 % H20:2 solution (2 mL) were added slowly. The content was cooled down, purified several times by
washing with distilled water followed by centrifugation until the pH of the solution was neutral. Finally, the sample was collected as a solid powder and

dried at 60 °C.
Laser irradiation

GO was dispersed in a 30 wt. % ammonia aqueous solution using an ultrasound bath to obtain a GO concentration of 1 mg/mL. A volume of 3 mL of
GO/ammonia dispersion was then placed in quartz cuvettes with stirrers. Pulsed laser treatments were done by means of a Nd:YAG laser system (Brilliant
B model from Quantel) which delivers pulses in the 5-6 ns range. Samples were irradiated employing different laser wavelengths, namely 266 nm (UV),
532 nm (VIS), and 1064 nm (IR), being the respective photon energies 4.7 eV, 2.3 eV and 1.2 eV. 2000 laser pulses were accumulated for each sample.
The solutions were continuously stirred with a rotation frequency of 500 rpm. The irradiation was conducted by applying different laser fluences for each
wavelength (20 and 60 mJ-cm for 266 nm; 60, 150, and 300 mJ-cmfor 532 nm; and 60, 150, 300, and 900 mJ-cm™ for 1064 nm). After irradiation,
samples were filtered using polycarbonate membranes (0.2 ym pore size), thoroughly washed with distilled water to remove residual ammonia and dried
at 60 °C. To determine any potential interaction/reaction between the aliphatic functional groups present in the GO sheets and NHa, a reference, non-
irradiated sample was also prepared by dispersing GO in the ammonia solution following the same protocol employed for the solutions submitted to laser

irradiation.

Characterization

The morphology of the samples and selected area electron diffraction (SAED) patterns were recorded by transmission electron microscopy employing a
TEM JEOL Jem 1210 electron microscope operating at 120 kV. High resolution images were acquired at 200 kV on an FEI Tecnai G2 F20 microscope.
Samples were prepared sonicating and dispersing in hexane. Afterwards, they were placed dropwise onto a lacey carbon support grid. Raman spectra
were obtained using a Horiba Jobin Yvon instrument, operating at 532 nm wavelength and using a 100% objective. The acquisition time was set to 30 s
and laser power to 0.5 mW. UV-Vis spectra were recorded on a Cary 5 UV-Vis-NIR spectrophotometer in the range of 200-800 nm. Samples were
prepared by sonication of the material in a 1:1 ethanol/water mixture and analyses were carried out in absorbance mode using 1 cm standard quartz
cuvettes. X-ray photoelectron spectroscopy (XPS) measurements were recorded in a Kratos AXIS ultra DLD spectrometer using a monochromatic Al Ka.

All samples were introduced in the preparation chamber as received and on the same substrate (Cu) to maintain the analysis conditions invariable.
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