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Free-standing nitrogen-doped graphene paper for
lithium storage applicationfy
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A flexible free-standing nitrogen-doped graphene paper (N-GP) is fabricated via a facile hydrothermal
approach with doping reaction occurring at the solid/gas interface of graphene oxide and ammonia
vapor. Ammonia not only facilitates the doping of oxidized graphene paper efficiently with a nitrogen
doping level of ca. 6.81%, but also promotes its reduction. The electrochemical properties of N-GP as an
anode of lithium ion batteries (LIB) are evaluated and N-GP delivers almost doubled reversible discharge
capacity compared to the undoped graphene paper (GP) as well as a good cyclic stability and rate
performance. The proposed strategy to realize simultaneous reduction and nitrogen doping of graphene
oxide via hydrothermal approach at the solid/gas interface offers a green and facile solution to modify
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1. Introduction

Graphene, with a one-atom thick and two-dimensional closely
packed honeycomb lattice,"* has broad application prospects in
many fields,*™* due to its excellent intrinsic carrier mobility,
high mechanical strength, superior thermal conductivity, high
optical transmittance and so on. The large theoretical specific
surface area (2630 m* g~ ) and superior electrical conductivity
(10° S em ') make it an attractive additive in LIB. When
incorporating graphene into traditional electrode materials for
LIB by forming hybrid nanocomposites, improved battery
performance has been reported.®>™** Of particular interest,
graphene and its derivatives are reported with a larger theo-
retical lithium storage capacity compared to pristine
graphite.’®?® Free-standing graphene paper has attracted
phenomenal attention, among all graphene based battery
electrodes, due to its good conductivity that allows for an
excellent rate performance and the circumvention of conductive
additives, binder and a supporting substrate, which eventually
results in significantly increased specific capacity and energy
density. Furthermore, the outstanding flexibility of graphene
paper enables perfect compatibility with advanced soft elec-
tronics and R2R processing that greatly facilitates its applica-
tion in the flexible electronics industry.'>'7**->*

Both theoretical and experimental studies have demon-
strated that the incorporation of heteroatoms into the basal
plane of the graphene could further improve its electrochemical
performances.**  Nitrogen-,>>**  boron-,*” sulfur-*® and
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graphene paper with desired electrochemical performances for LIB application.

phosphorus-doped graphene* have been prepared by different
methods, and all exhibit enhanced electrochemical perfor-
mances compared to undoped graphene. Of all the hetero-
atoms, nitrogen with the highest electronegativity has been
proven one of the most effective doping elements for graphene.

Up to now, several methods, including mechanical milling of
graphite with dopants,**** chemical reduction method in
aqueous solution,*** thermal treatment with ammonia
(NH3),*?® chemical vapor deposition (CVD),>”*® plasma treat-
ment*>* have been adopted to prepare N-doped graphene.
Mechanical milling of graphite with dopants reported in our
earlier work,*" has been applied to produce N-doped graphene
on a large scale at low cost, but the post treatment is time-
consuming. Chemical reduction of GO in aqueous solution
using hydrazine and its derivatives as the reducing agent and
dopant is the most widely used method for the preparation of N-
doped graphene. However, most of these reduction reagents
and dopants are toxic.**?** Thermal treatment of GO with
ammonia gas is easy and efficient. However, a high energy
barrier is imposed for the reaction between nitrogen atoms and
carbon atoms at the basal plane of graphene. Therefore reaction
initiating agents, usually toxic gases, are required at high
temperatures to help surmount the barrier and trigger the
doping reaction.**** CVD method features a direct synthesis
process, and is able to prepare graphene doped with nitrogen
uniformly in large area. But the CVD method involves costly and
complex fabrication processes.’””*®* By applying N, or NH;
plasma on graphene or GO, N-doped graphene could also be
prepared and the degree of N-doping can be tailored by the
plasma intensity and the reaction time. But the plasma treat-
ment also has the disadvantages involving high processing
pressure and low cost efficiency, which severely restrict its
scalability.*>*°
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Over the past few years, hydrothermal or solvothermal
methods as green and simple techniques have been proven
successful to reduce GO.*>*** Unfortunately, despite the
multiple advantages of freestanding graphene paper, the re-
ported reaction methods are not suitable for the direct reduc-
tion and doping of graphene oxide paper (GOP), because the
graphene based paper is prone to lose its mechanical integrity
by disassembling in the solvents during reaction under the high
temperature and pressure condition.

In this paper, N-GP was prepared from a modified hydro-
thermal process at the solid/gas interface using GOP and
concentrated ammonia water as the raw materials. GOP and
ammonia were placed separately in a Teflon-lined autoclave.
The concentrated ammonia water in the autoclave plays dual
roles as both the doping and reducing agent. This modified
hydrothermal process not only obviates harsh doping environ-
ments and the employment of toxic dopants but also manages
to preserve the mechanical integrity of the freestanding gra-
phene paper which is otherwise difficult to achieve (Fig. S17).
Besides, the facile reaction facilitates effective doping with an
obtainable doping level of 6.81% where the doped N is majorly
ascribed to electrochemically active pyridinic and pyrrolic N.
Therefore, the as-prepared N-GP exhibits enhanced capacity,
good cyclic stability and rate performance compared to
pristine GP.

2. Experimental section
2.1 Reagents and materials

Graphite powder (325 mesh, purity>99.99%) was purchased
from Qingdao huatai company. P,05, KMnO,, K,S,0g, concen-
trated H,SO, (98%), concentrated HCl (36.5%), concentrated
ammonia water (28%) and 30% H,O, aqueous solutions, all of
analytical grade were obtained from Chengdu Kelong Chemical
Reagents Co. Ultrapure water (18.25 MQ cm) was used for all
experiments.

2.2 Preparation of graphene oxide (GO) aqueous solution

Graphite oxide was synthesized from natural graphite by
a modified Hummers method as originally presented by Kov-
tyukhova and colleagues.**** Exfoliation of graphite oxide to GO
was achieved by ultrasonication of the graphite oxide dispersion
using an ultrasonic cleaner (KQ-300D, Kunshan Ultrasonic
Cleaner Inc. 300 W) for 1 h. Subsequently, the obtained brown
dispersion was subjected to 5 min centrifugation at 3000 r.p.m.
to remove the unexfoliated graphite oxide. GO aqueous solution
was collected by decanting the supernatant.

2.3 Preparation of free-standing N-GP

The free-standing N-GP was prepared by a simple vacuum
filtration method and a subsequent hydrothermal process at the
solid/gas interface. Firstly, GOP was made by filtering 6 mL GO
aqueous solution of 1 mg mL ™" on a filter membrane (mixed
cellulose ester, 47 mm in diameter, 0.22 pm in pore size), fol-
lowed by air drying for 24 h at room temperature and peeling
from the filter carefully. Subsequently, the hydrothermal
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reduction was performed by placing GOP on the top of a glass
bottle in a 50 mL Teflon-lined autoclave in which 10 mL
concentrated ammonia water was added. The GOP was not
allowed to contact the concentrated ammonia water directly.
The hydrothermal temperature and reaction time were 220 °C
and 12 h, respectively. Finally, the collected N-GP from the
autoclaves was rinsed by de-ionized water to remove residual
NH; and dried in a vacuum oven at 80 °C overnight. In
comparison, GP was prepared by adding 10 mL de-ionized water
to the autoclave, while other conditions maintained the same.

2.4 Characterization

X-Ray diffraction (XRD) patterns were recorded on a Rigaku
(Smart lab III) using Cu Ka radiation within 26 = 10-60°. The
morphology was characterized from field emission scanning
electron microscopy (FESEM, Quanta FEI, America). Raman
spectroscopy was performed on a laser Raman spectrometer
(LabRAM HR, France) with a He-Ne laser (532 nm) as the
excitation source. X-Ray photoelectron spectroscopy (XPS) was
conducted on an Escalab 250Xi X-ray photoelectron spectrom-
eter (Thermo, America).

2.5 Electrochemical measurements

In order to test the electrochemical performance of the obtained
flexible free-standing GP and N-GP, working electrodes were
prepared by directly pressing the papers onto the Cu current
collector without carbon additives, polymer binders etc., and
were assembled in a CR 2032-type coin cell configuration in
a highly pure argon-filled glovebox, with a lithium foil as the
counter/reference electrode, a polypropylene membrane (Cel-
gard 2325) as the separator, 1 M LiPF, in ethylene carbonate and
diethyl carbonate (EC/DMC, 1 : 1 vol) as the electrolyte. Charge-
discharge measurements were done galvanostatically at various
current densities in the voltage range of 0.01 V-2.0 V using
a battery test system (LAND CT2001A model). Cyclic voltam-
metry (CV) was carried out in the potential range of 0.01 V-2.5V
(vs. Li/Li*) at a scan rate of 0.2 mV s, and electrochemical
impedance spectroscopy (EIS) was measured by applying an AC
voltage of 5 mV amplitude in the frequency range of 100 kHz to
10 mHz using Biologic VMP3 electrochemical workstation. The
electrical conductivity of GP and N-GP (d = 13 mm) was
measured using a digital four-point-probe system (Guangzhou
four-point-probe technology corporation). The thickness of the
graphene based papers was determined from SEM images.

3. Result and discussion

The reduction process for flexible free-standing GOP by
a modified hydrothermal process at the solid/gas interface is
schematically illustrated in Fig. 1. In order to avoid the contact
between the GOP and the solvent in the autoclave, GOP was
placed on the top of a glass bottle. For comparison purpose,
concentrated ammonia water and de-ionized water were used as
aqueous solutions respectively. When the reaction temperature
in the Teflon-lined autoclave is approached, concentrated
ammonia water in the glass bottle converts into ammonia vapor
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Fig. 1 A schematic illustration of the reduction process of GOP by the modified hydrothermal process at the solid/gas interface.

which surrounds and reacts with GOP. During the reaction,
GOP is reduced under high temperature and high pressure. At
the same time, the ammonia molecules dope the GOP to form
the C-N bond, thus producing N-GP. GP was also prepared
when concentrated ammonia water was replaced by de-ionized
water. Both the reduced papers kept their mechanical integrity
through this modified hydrothermal process.

Fig. 2 and S21 shows the digital and SEM images of GOP, GP
and N-GP. As observed from the digital images, both GP and N-
GP are flexible. Unlike GOP with a bright yellow surface (Fig. 2a),
the GP and N-GP display a dark-brown surface with shiny
metallic luster (Fig. 2b and c), which suggests the reduction of
GOP from the hydrothermal treatment. SEM analysis reveals
that the surface of the GOP is relatively smooth (Fig. 2d) and the
cross section exhibits a 2D layered structure (inset of Fig. 2d).
After the hydrothermal treatment, the surface of the GP and N-

GP forms a wrinkled structure (Fig. 2e and f). Compared to the
GOP, the thickness of the GP and N-GP increase slightly (inset of
Fig. 2e and f), which is caused by the gas released during gra-
phene oxide reduction that leads to the formation of the
corrugated structure. The advantage of the modified hydro-
thermal process at the solid/gas interface is that the mechanical
integrity of the GOP maintains intact after the reaction and that
the method is capable of reducing and doping graphene
simultaneously as would be characterized below.

Fig. 3a shows the XRD profiles of GOP, GP and N-GP. As can
be seen in Fig. 3a, GOP displays a broad X-ray diffraction peak at
around 11.6°, corresponding to the (002) reflection of GO with
a layer-to-layer distance (d-spacing) of about 7.7 A, which means
probably a one molecule-thick layer of water existing between
the GO nanosheets.”® After the hydrothermal treatment, the
peak of GOP disappears, and a new broad diffraction peak

Fig. 2 Photographs of (a) GOP, (b) GP and (c) N-GP; top view SEM images of (d) GOP, (e) GP and (f) N-GP. The insets show the related cross

section view of each paper.
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Fig. 3 a) XRD patterns and (b) Raman spectra of GOP, GP and N-GP.

appears near 25°, indicating that the GOP is reduced through
the hydrothermal process. For GP, the broad peak appears at
24.4°, which corresponds to a d-spacing of 3.65 A and is close to
the d-spacing of the graphite. As the concentrated ammonia
water is introduced, the peak at around 25° becomes broader,
and the d-spacing is slightly reduced, approaching 3.51 A. This
result suggests that ammonium gas promotes better reduction
of graphene oxide.

Raman spectroscopy is utilized to further characterize the
significant structural changes that occur during the hydro-
thermal processing from GOP to GP or N-GP. Fig. 3b shows the
Raman spectra of the different papers. The two characteristic
peaks at about 1342 and 1589 cm ™' correspond to the vibration
caused by the graphene edges (D band) and the in-plane
vibration of graphene lattice (G band), respectively. The inten-
sity ratio of the D and G bands (Ip/Ig) is normally used to
characterize the disorder degree of the carbonaceous materials.
Ip/Ig for GOP, GP, N-GP are 1.01, 1.08, 1.13, respectively. Both
GP and N-GP have an increased D/G intensity ratio compared to
GOP, suggesting a decrease in the average size of the crystalline
graphene domains, but an increase in the number of small
crystalline graphene domains. In contrast to GP, the introduc-
tion of concentrated ammonia water led to a further increase in
D/G intensity ratio, which indicates that N-GP has a higher
disorder degree and is consistent with the previous XRD results.

The element chemical composition of each paper was
analyzed by X-ray photoelectron spectroscopy (XPS). As shown
in Fig. 4a, the XPS spectra of all papers exhibit two characteristic
peaks at ca. 284.1 and 532.0 eV, corresponding to the C 1s and O
1s, respectively, but only N-GP shows nitrogen signals at
399.1 eV in the XPS spectra, which evidences nitrogen atom
doping into the GOP via the hydrothermal process at the solid/
gas interface with ammonia. Based on the XPS characterization,
the contents of each element in all papers are calculated and
shown in Fig. 4b. The content of O atoms is significantly
reduced, demonstrating the effective reduction with either
concentrated ammonia water or de-ionized water. Compared to
GP, N-GP shows a lower ratio of O atom to C atom, which
indicates that concentrated ammonia water can further
promote the reduction. High resolution XPS spectrum of C 1s

This journal is © The Royal Society of Chemistry 2018
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can be deconvoluted to four components corresponding to C-C,
C-0, C-N, C=0 groups as indicated in Fig. 5c. C-O and C=0
mainly come from the residual oxygen containing functional
groups in N-GP. Detailed binding configuration of C-N bonds is
further investigated by high resolution XPS spectrum of N 1s
(Fig. 4c). Curve fitting resolves the N 1s spectrum to three peaks
centered at 398.4, 399.6, 401.0 eV representing pyridinic,
pyrrolic, and graphitic N atoms doped in the graphene struc-
ture, respectively (Fig. 5c).*” The relative quantities of these
three states are estimated to be 25.48% pyridinic-N, 54.67%
pyrrolic-N and 19.85% graphitic-N, accounting for the total
6.81% (atom content) nitrogen doping level in N-GP. Compared
to carbon (electronegativity 3.0), nitrogen has a higher electro-
negativity (3.5) and a smaller diameter, which are favorable for
the intercalation kinetics of positive lithium ions. Pyridinic and
pyrrolic N atoms are located at the edges or defects of the gra-
phene, which leads to higher chemical activity than graphite.
This has been proven beneficial to the storage of lithium ions
and thus a higher reversible capacity in LIB.*®

Electrochemical performances of all the prepared papers
were first characterized by cyclic voltammetry. N-GP and GP
were used as working electrodes with Li as counter and refer-
ence electrodes. The cyclic voltammograms (CV) of N-GP and GP
electrodes at a scan rate of 0.2 mV s~ between 0.01 Vand 2.5V
are shown in Fig. 5a and b. Both N-GP and GP exhibit similar CV
profiles, which means the N-GP and GP have similar Li"
intercalation/deintercalation behaviors. Taking N-GP as an
example, there is a prominent peak at around 0.6 V in the first
cycle and disappears in the subsequent cycles. This peak is
caused by a solid electrolyte interphase (SEI) film forming on
the surface of the electrode, and the formed SEI film prevents
new SEI film formation in the subsequent cycles. The flatter and
broader redox pair peaks close to 0 V were also observed in the
CV curves corresponding to a gradual process of lithiation/
delithiation for N-GP.* The major reduction of CV curve area
after the first cycle indicates that the irreversible capacity loss
mainly occurs due to SEI formation, and N-GP shows a stable
cycling performance afterwards.

The galvanostatic charge/discharge profiles of N-GP and GP
at a specific current of 100 mA g~ ' are shown in Fig. 5¢ and d.

RSC Adv., 2018, 8, 14032-14039 | 14035
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Fig.5 Cyclic voltammograms of (a) N-GP and (b) GP electrodes at a scan rate of 0.2 mV s~* between 0.01V and 2.5 V vs. Li/Li*; and galvanostatic
charge/discharge profiles of (c) N-GP and (d) GP electrodes at a specific current of 100 mA g~ between 0.01V and 2.0 V vs. Li/Li*.
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On the first discharge, there is an obvious plateau at around
0.6 V for both samples, but the plateau disappears and is
replaced by declining curves in the second and following cycles.
The plateau could be attributed to the formation of SEI film and
the declining curves are related to the lithiation process for
graphene. This feature is consistent with the CV results.

Fig. 6a shows the cycling performances of N-GP and GP,
respectively, at a specific current density of 100 mA g~ . As can
be seen, the initial discharge and charge specific capacities of N-
GP are 1210 mA h g~" and 445.4 mA h g~", much higher than
those of GP (646.1 mA h g~ " and 254.1 mA h g '), which benefits
from the introduction of N atoms in the basal plane of graphene
that creates more active sites and defects for the storage of
lithium ions, thus resulting in improved capacity. But on the
other hand, the more defects on the basal plane of graphene,
account for more surface side reactions (SEI film forming) with
the electrolyte leading to a larger irreversible capacity in the first
cycle. Therefore, the initial coulombic efficiency of N-GP is
36.81%, lower than that of GP (39.3%). After the first cycle,
a stable and dense SEI film is formed stabilizing the reaction
interface and the coulombic efficiency of N-GP reaches above
90%, and is constantly increasing with increased cycling
numbers. More significantly, even after 100 cycles, a reversible
capacity of 287.6 mA h ¢~ ' is maintained for N-GP, which is still
higher than the initial charge capacity of GP (254.1 mA h g %),
and almost doubles the latter's capacity after 100 cycles. The
increase on reversible capacity associated with N doping has
been reported in many cases,**** and a couple of reasons have
been proposed. Firstly, the increased topological defects on N-
GP facilitate the Li" accommodation, which is obviously bene-
ficial to the improved reversible capacity.®® Secondly, different
from GP, for which adsorption of Li atoms occurs at the hollow
sites of the hexagonal ring on surface, for N-GP, Li atoms favor
adsorption at the vacancy site of pyridinic-N and pyrrolic-N due
to the strong electrostatic interaction between the adsorbed Li
and the N-GP. As a result, a higher adsorption energy and
decreased energy barrier for Li" incorporation, contribute to the
higher Li storage capacity of N-GP.*> However, the capacity
retention of N-GP at 100th cycle is only 65% of the initial charge
capacity, which could be explained by the existence of residual
oxygen containing functional groups in N-GP and by the self-
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restacking of graphene nanosheets upon cycling. Such issues
can be easily addressed with approaches like post heat treat-
ment to induce more extensive reduction or incorporation of
nanoparticles between graphene nanosheets as spacers to
prevent stacking.>***

Galvanostatic charge/discharge experiments were conducted
at various specific currents to investigate the rate capabilities of
N-GP and GP. As shown in Fig. 6b, N-GP can be reversibly
charged to 315.6 mA h g ' in the tenth cycle at the current
density of 100 mA g~'. With the current density increased to
200, 500, and 1000 mA g !, the corresponding reversible
capacities of N-GP are stabilized at 248.4, 184.4, and
141.0 mA h g7, respectively. These reversible capacities are
much higher than those of GP, and even at the high current
density of 1000 mA g, the reversible capacity of N-GP is close
to the capacity of GP at the slowest current density of
100 mA g '. More importantly, a specific capacity of
291.0 mA h g~' can be recovered and stabilized when the
current density is restored to the initial 100 mA g~', demon-
strating that N-GP possesses a very good reversibility.

Fig. 7 shows the nyquist plots by measuring the AC imped-
ance spectroscopy of N-GP and GP before cycling and after 5
cycles. It is usually considered that the semicircle in the high/
medium frequency range is assigned to the SEI impedance,
contact resistance, and charge-transfer resistance at the
electrode/electrolyte interface, while the inclined line corre-
sponds to the lithium-diffusion process through electrode
material.>® Compared with the electrodes before cycling, the
semicircle diameters of both N-GP and GP electrodes at high/
medium frequency decrease after 5 cycles due to the better
penetration of the electrolyte and the activation of the active
materials. Before cycling, N-GP and GP show a similar semi-
circle which means both electrodes have similar resistances
(Fig. 7a). But after 5 cycles, the semicircle diameter of N-GP
electrode becomes smaller than that of GP electrode (Fig. 7b),
indicating a better ionic conductivity and a lower charge-
transfer resistance due to the introduction of nitrogen to the
basal plane of the graphene. An equivalent circuit has been used
to quantify the influence of N-doping (inset of Fig. 7b), in which
R. represents the electrolyte resistance, Rg, R.r, CPE; and CPE,
are the resistances and capacitances of SEI film and interface,
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Fig. 6 (a) Cyclic stability and coulombic efficiency of N-GP and GP at a specific current of 100 mA g~ (voltage rage of 0.01 V and2.0 V); (b) rate
performance and coulombic efficiency of N-GP and GP at various specific current.
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Table 1 The electrical conductivity of N-GP and GP measured by the
digital four-point-probe station

Component N-GP GP

Electrical conductivity (S m™) 2000 900

respectively, and Z,, is the Warburg impedance. The fitting
parameters are listed in Table S1.f As can be seen, the total
resistance (R. + R + R.) of the N-GP (54.97 Q) is half of that of
the GP (110.56 Q). Table 1 also shows the electrical conductivity
of N-GP and GP measured from a digital four-point-probe
station. It is obvious that the N-GP exhibits a significantly
higher electrical conductivity than GP.

The improved electrochemical properties of N-GP can be
attributed to the introduction of nitrogen to the basal plane of
the graphene. Firstly, compared to the carbon atoms, nitrogen
atoms produce more lone pair electrons for graphene, thus
improving the electronic conductivity and electron mobility of
graphene.®® Secondly, the introduction of nitrogen atoms
increases the defects of graphene, which is beneficial to the
storage of more lithium ions.*® Thirdly, the electronegativity of
nitrogen is stronger than that of carbon, leading to the
improved adsorption energy and decreased energy barrier for
Li" intercalation.™

4. Conclusions

In summary, N-doped flexible free-standing graphene paper
(N-GP) is prepared from a modified hydrothermal process at the
solid/gas interface using concentrated ammonia water as the
doping precursor. The as-prepared N-GP maintains the intrinsic
flexible structure of the initial graphene oxide paper and the
nitrogen doping content reaches 6.81%. The majority of the
dopants are pyridinic and pyrrolic nitrogen. When used in LIB,
this N-GP exhibits a rather high reversible capacity, good rate
performance and cycling stability compared to the undoped
analogue. All the improved electrochemical properties can be
ascribed to the introduction of nitrogen to the basal plane of the
graphene, which produces more defects, improved electronic

14038 | RSC Adv., 2018, 8, 14032-14039

conductivity which are beneficial for Li" intercalation. The N-GP
prepared by this method can be applied as anode for LIB
without additives and complex coating technology. The facile
reaction route along with the resulted mechanically robust
flexible functional paper with enhanced electrochemical
performance makes this technique very promising for energy
storage applications.
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