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Hydrothermal synthesis of nitrogen-doped graphene hydrogel using
amino acid with different acidities as doping agent

Tao wang’, Luxiang Wang‘, Dongling Wu‘, Wei Xia’, Hongyang Zhao “ and Dianzeng Jia**

A one-pot hydrothermal route was developed for the preparation of nitrogen-doped graphene (NG)
hydrogel using graphene oxide (GO) as raw material and nine amino acids with different acidities (acidic,
neutral and basic) as doping agents. The morphology, structure and composition of the prepared NG using
three amino acids (DL-aspartic acid, acidic; L-glycine, neutral; L-arginine, basic.) were characterized by
SEM, Nitrogen physisorption, Raman and XPS spectroscopy. Acidic amino acid yielded NG with cross-
linked 3D network with a large specific surface area of 367.1 m* g”!, while NG with basic amino acid
showed a tightly stacked structure with a much smaller surface area of 10.5 m? g'. The charged amino
acid, and the ensuing electrostatic interactions between amino acid and GO affect the morphology of NG,
and ultimately affect its electrochemical performance. The sample prepared using acidic amino acid, with
the lowest surface N content (1.0 %) but the largest surface area displayed high specific capacitance of
246 F g at 3 A g’'. The microstructure, surface area and effective nitrogen content, mainly the pyridinic
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nitrogen group related to pseudocapacitance, play important roles in the capacitive performance of the

NG samples.

1. Introduction

Graphene, with two-dimensional (2D) structure, has emerged as
one of the most active research fields because of its remarkable
electronic, thermal and mechanical properties.' Some of the most
promising applications of graphene are related to its electronic
properties. Thus, tremendous efforts have been made in the last
few years to tune the electronic properties of graphene, for
example, by controlling its crystal structure or chemical doping
with guest atoms. Chemical doping with heteroatoms has proved
to be highly effective in the doping of other carbon materials like
carbon nanotubes, which extended the diversity of their
applications.> Among others, nitrogen, sulfur, phosphorus and
boron are the most commonly used dopants for the doping of
graphene.”> Especially, nitrogen is considered to be the ideal
dopant for graphene because of its comparable atomic size to
carbon and high electronegativity.**

The synthesis of nitrogen-doped graphene has been achieved
via a variety of pathways, such as arc-discharge,’ nitrogen plasma
process,'™'" chemical vapor deposition (CVD),'*" segregation
growth,'* or thermal (or electrical) annealing post treatment.'>'®
Recently, hydrothermal reaction method has been used as an
effective approach to fabricate graphene hydrogel'” and nitrogen-
doped graphene (NG) hydrogel.*'*** Various nitrogen sources
have been reported so far using hydrothermal method, such as
pyrrole*, ammonia'® or organic amine, '*?' urea,”>?*, hydrazine
hydrate.”> However, environmental and toxicity concerns related
to most of the nitrogen sources motivate us to find more
environment-friendly ones.
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Amino acid as a low cost and green material contains
multifunctional groups (-NH,, -COOH and other functional
groups) and has been applied in the synthesis of doped carbon
materials®*>°. Recently, Chen et al.’' employed L-cysteine as a
reductant to prepare of reduced graphene oxide (RGO)
nanosheets at room temperature. However, to our knowledge,
using amino acid as nitrogen source for the synthesis of NG has
not been reported so far.

The pH plays an important role in the morphology, structure
and electrochemical properties of RGO during the hydrothermal
reduction of GO. *** Navarro et al.** concluded that acidic
conditions lead to a higher amount of defects in the resulting
RGO samples with smaller sizes of the sheets and a pronounced
tendency of these sheets to aggregate, while more basic
conditions promote a decrease in the number of defects present in
the resulting RGO and bigger graphitic domains.

Herein, inspired by those works, amino acids, as
environment-friendly nitrogen source, were used to synthesize
NG via a one-pot hydrothermal method. The NG hydrogels were
obtained using GO as raw material, and three amino acids with
difference acidities as nitrogen sources, including DL-aspartic
acid (acidic), L-glycine (neutral) and L-arginine (basic). The
microstructure and nitrogen doping level of the obtained samples
were systematically investigated and the performance of NG as
free standing electrode in supercapacitors were tested and
analyzed. Furthermore, six additional amino acids were selected
to synthesize NG hydrogels. The influence of synthesis
conditions on the morphology and subsequently the
electrochemical performance of NG samples were investigated
including the acidity of amino acid and the pH of the solution.

This journal is © The Royal Society of Chemistry [year]
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2. Experimental section
Materials

Graphite powder (8000 mesh, 99.95%, metals basis) was
purchased from Aladdin-reagent. Co., Ltd (Shanghai, China).
Amino acids (purity: 98%) were purchased from Shanghai Lanji
Technology Development Ltd. Analytical-grade KMnO,4, KOH,
85% H;3PO4, 98% H,SO,4, 36% HCIl and 30% H,0, aqueous
solution were purchased from Beijing Chemical Reagents
Company. All reagents were used directly without further
purification, and the water used in the experiments was freshly
deionized.

Preparation of GO

Improved Hummers’ method was used in the synthesis,35 that is,
a mixture of concentrated H,SO,/H;PO, (360:40 mL) was added
to a mixture of graphite flakes (3.0g, 1wt equiv.) and KMnO,
(18.0g, 6wt equiv.), which resulted in a slightly exothermic
reaction increasing the temperature to 35-40°C. The reaction
mixture was then heated to 50°C and stirred for 12h.
Subsequently, the reaction was cooled to room temperature and
poured onto ice (~400 mL) with 30% H,0, (5 mL) and 30% HCI
(200 mL). For the workup, the filtrate was centrifuged (10000
rpm for 30 min), and the supernatant was decanted. The mixture
was filtered followed by repeated washing of the solid product
with deionized water and centrifugation to remove metal ion and
acid until the pH of the filtrate reached 7.

Preparation of NG

The obtained GO were used as raw material for the synthesis of
NG. Nine different amino acids with different acidities, i.e., DL-
Aspartic Acid (acidic), L-Glutamic Acid (acidic), L-Leucine
(neutral), L-Alanine (neutral), L-Threonine (neutral), L-Glycine
(neutral), L-Lysine (basic), L-Histidine (basic) and L-Arginine
(basic) were applied as doping agents. After initial tests with
these amino acids, three of them were selected for detailed
investigations representing different acidities as shown in Fig. la.
In a typical synthesis, a 2 mg mL™' solution of graphitic oxide in
deionized water was bath-sonicated for 1 h to give a brown
colloidal solution. Then, 0.15 g amino acids were dissolved in 30
mL of 2 mg mL™" of aqueous GO solution (the mass ratio of
amino acid to GO is 2.5:1). The mixture was magnetically stirred
for 10 minutes, transferred to a Teflon-lined autoclave and
subjected to hydrothermal treatment for 3 h at 160°C. After that,
the autoclave was naturally cooled to room temperature and the
as prepared NG hydrogels were removed from the autoclave and
immersed in deionized water for seven days, during which
deionized water was renewed once a day to remove any unreacted
reagent. Subsequently, the NG hydrogels were freeze-dried under
vacuum for further characterization. After freeze-drying, the
obtained samples were labeled as NGasp for DL-aspartic acid,
NGgly for L-glycine, and NGarg for L-arginine. For comparison,
RGO was prepared by the same method in the absence of amino
acid. The water content of the NG (W,,, wt%) was calculated by
W, = (W, — Wy)/W, x 100, where W, is the total weight of the
NG and W, is the weight of the NG in the dry state. Additionally,
NGasp samples of mass ratios of 1:1 and 10:1 were also prepared
by the same process, and were labeled as NGaspl and NGasp10,
respectively. Extensive experimental characterization details of
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NGaspl and NGasplO are provided with the Supporting
Information. FTIR spectroscopy was employed to investigate the
purity of the products after purification (for details, see FT-IR
characterization and Fig. S1] in Supporting Information).

Characterization

Morphology of the synthesized materials were investigated by
scanning electron microscopy (SEM, Hitachi S-4800) with an
acceleration voltage of 5 kV. X-ray diffraction (XRD)
measurements were conducted using a D8 (Bruker) X-ray
diffractometer with Cu Ko radiation (A=1.5418 A). X-ray
photoelectron spectroscopic (XPS) measurements were obtained
with an ESCALab220i-XL electron spectrometer from VG
Scientific using 300W Al Ka radiation. The base pressure was
about 1x10”° mbar and the binding energies were referenced to
the Cls line at 284.8 eV from adventitious carbon. A Shirley-type
background was subtracted from each spectrum and Avantage
4.15 software was used for curve-fitting. Raman spectroscopy
were recorded using a BRUKER VERTEX 70 (532 nm laser)
system. Nitrogen physisorption was carried out at 77 K with an
ASAP 2050 tended Pressure Sorption Analyzer.

Electrochemical measurements

Electrochemical measurements were performed using a CHI
660D electrochemical workstation (CH Instruments Inc.) at room
temperature. The working electrodes were fabricated by RGO or
NG in the wet state without using any binder or conducting
additives. A slice of wet RGO or NG hydrogel was cut and
blotted with a filter paper to remove excess water; then it was
pressed onto a nickel foam sheet (3 x 1 cm) at 10 MPa for 30 s.
The mass loading of active material on each current collector was
about 2 mg. In the three-electrode system, the sample was used as
the working electrodes, platinum foil as the counter electrode and
standard Hg electrode as reference one, and 6.0 M KOH aqueous
solution as electrolyte. Cyclic voltammetry and galvanostatic
charge—discharge cycling in the potential range of -1.0 to -0.2V
was performed at different scan rate and current densities.
Electrochemical impedance spectroscopy (EIS) measurements
were carried out by applying an alternating current voltage with
SmV amplitude over a frequency range from 0.01 Hz to 100 kHz
at the open circuit potential. The mass specific capacitances (Cy.)
were calculated by using the equations Cy, = (IAt) / (mAV), where
I is the constant discharge current (A), At is the discharging time
(s), m is the mass of one electrode (g), and AV is the discharge
voltage.

3. Results and discussion

It is reported that the restored conjugated structure of GO sheets
during hydrothermal reaction can induce partial overlapping or
coalescing of flexible graphene sheets via m-m stacking
interactions, which can form graphene hydrogel.'” In this study,
RGO and NG hydrogels were prepared by one-step hydrothermal
reaction of GO using amino acids with different acidities (Fig.
la). As shown in Fig. 1b, the apparent sizes of RGO and NG
hydrogel are different. The diameter and height of NG hydrogel
are larger than that of RGO, implying that the as prepared NG
hydrogels can encapsulate more water in the process of self-
assembly. The samples of NGarg, NGgly and NGasp hydrogels
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contain about 98.6, 97.1 and 96.3 wt% water, respectively. The
inset in Fig. 1b shows a typical photo of NG after freeze-drying.
The volume shrinkage is likely due to the overlapping of
graphene sheets within the self-aggregation during drying
process.

The SEM images show that the freeze-dried RGO (Fig. 2a)
and NG samples prepared by adding acidic amino acids (Fig. 2b,
Fig. S2ta-c) are composed of interconnected 3D porous network,
and the pore structure was formed by cross-linking of graphene
sheets. The pore sizes ranged from submicrometer to several
micrometers. It is believed that the 3D porous network could
contribute to the fast adsorption and diffusion of the ions from the
electrolyte, which could enhance the electrochemical
performance when these samples are used as electrode in
supercapacitors. As to NG samples prepared by adding neutral
amino acids, the SEM images (Fig. 2¢c, Fig. S2{d-f) show folded
and wrinkled graphene sheets, and not much pores can be
observed in the sheets. However, the SEM images (Fig. 2d, Fig.
S2ig and h) show that the NG samples obtained by adding basic
amino acids consist of randomly crumpled sheets closely
associated with each other and form a tightly stacked solid, which
suggests that serious agglomeration occurred when basic amino
acids were used as doping agents. The different microscopic
structure of NG could be attributed to the different electrostatic
interaction between amino acids and GO.

To better understand the interaction between different amino
acid and GO, three typical amino acid with different acidities
(DL-aspartic acid, acidic; L-glycine, neutral; L-arginine, basic)
were selected and tested. It is known that each amino acid has its
own characteristic isoelectric point (pI), where the net charge on
the molecule is zero, and the pI of L-arginine, L-glycine and DL-
aspartic acid is 10.76, 5.97 and 2.97 (Table 1), respectively. After
mixed GO with different amino acid, the pH value of GO with L-
arginine, L-glycine and DL-aspartic acid is 8.4, 4.1 and 3.2
(Table 1), respectively. Obviously the pH value of the mixed
solution of DL-aspartic (3.2) is higher than the pI of DL-aspartic
(2.97), so DL-aspartic acid is negatively charged in the mixed
solution. On the contrary, the pH value of GO with L-arginine
(8.4) and with L-glycine (4.1) are lower than the pI of L-arginine
(10.76) and L-glycine (5.97). Thus, these two kinds of amino
acids are positively charged in mixed solution. It is known that in
aqueous solution GO sheets are negatively charged, and in RGO
the carboxylic groups cannot be fully reduced resulting in
negatively charged RGO.* Hence, the amino acid with different
charged group will interact with GO. Fig. 3a shows the probably
interaction between DL-aspartic and GO. First, the negatively
charged GO sheets attract —NH;" group through electrostatic
attraction, and then the negatively charged groups (COO") can
repel the negatively charged GO sheets or repel each other, which
can enhance the repulsive force between GO layer. The enhanced
repulsive force allows consecutive expanding of interlayer space.
As a result, the electrostatic repulsion between GO and DL-
aspartic can prevent GO flakes from aggregation and coagulation
and form the 3D network structures after hydrothermal reaction.
However, the negatively charged GO flakes are attracted by the
counterions of positively charged L-glycine and L-arginine (pH <
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pD (Fig. 3b, ¢). The positively charged amino acid neutralizes the
negative charge of GO, which weakens the electrostatic repulsion
of the GO sheets and narrowed its distance, and ultimately lead to
aggregation and coagulation of samples.

Furthermore, the pH values of the mixed solution for the
other six amino acids with GO solution were also tested and those
values are listed in Table 1. We found that the pH is higher than
pl for all the acidic amino acids, and lower than plI for all the
neutral and basic amino acids. This means that all the acidic
amino acids are negatively charged and all the neutral and basic
amino acids are positively charged in the mixed solution. As
a result, acidic amino acids enhance the electrostatic repulsion of
the GO sheets, which is beneficial for the formation of 3D
network structures. On the contrary, neutral and basic amino
acids weaken the repulsive force between GO layers, and
ultimately lead to the aggregation of samples. The results that
amino acids with different acidities can affect the morphology of
samples through electrostatic repulsion or attraction interaction
are consistent with the fact that as disclosed by SEM studies (Fig.
2 and Fig. S21).

The results from XRD measurements are summarized in Fig.
4a and Table2. The diffraction peak located at 26 = 9.9° can be
attributed to the (002) crystalline plane of GO, and the calculated
interlayer spacing is about 0.89 nm. The peak at 20 = 9.9° entirely
disappeared after the hydrothermal reaction due to the
deoxygenation of oxygen functional groups. After hydrothermal
reaction and doping, a broad diffraction peak centered at around
24.7° (dggp is 0.360 nm), and 24.5° (dgp, is 0.363 nm) was
observed for RGO and NGasp, respectively. It can be seen that
the interlayer spacing of RGO and NGasp are larger than that of
graphite (dgg, is 0.335 nm), indicating the presence of few-layer
stacked graphene sheets and the recovery of a graphitic crystal
structure.”” Compared with that of NGasp, the (002) peak of
NGgly and NGarg show a markedly reduced intensity and
dramatically broadened width. The peaks centered at around 29°
of the graphite (002) plane were observed for NGgly and NGarg,
implying that the interlayer spacing of NGgly and NGarg are
smaller than that of NGasp.

Further insights of the structural and electronic properties of
graphene were obtained from Raman spectroscopy studies. As
shown in Fig. 4b, two remarkable peaks located at around 1346
and 1597 cm™ were observed, which can be attributed to D band
associated with structural defects and G band for E,, vibration
mode of sp® carbon domains, respectively. The high D-band
intensity of RGO and NG indicates the presence of a large
number of defect sites in the graphene layers.”” The G band of
NG shifts slightly (~10 cm™) to higher wave numbers with
respect to that of RGO, which can be ascribed to the formation of
p-type doped graphene.*® The Ip/I; increases from 0.97 for RGO
to 0.98, 0.99 and 1.0 for NGasp, NGgly and NGarg, respectively,
which suggests that more defects are formed during the doping of
GO.

In order to characterize the exposed surface areas and pore
structure of the samples, low-temperature nitrogen physisorption
measurements were conducted. Fig. 4c shows the N, adsorption-
desorption isotherms of freeze-dried RGO, NGasp, NGgly and

This journal is © The Royal Society of Chemistry [year]
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NGarg. For RGO, NGgly and NGasp, the profiles are
characterized by type IV isotherms with a H2-type hysteresis
loop, indicating the presence of mesopores. However, NGarg
curves are characterized by type II isotherms with no hysteresis
loops. The BET surface area (Sger) of RGO, NGasp, NGgly and
NGarg were summarized in Table.2. The Sggr of RGO is 352.9
m® g, which is higher than hydrothermally reduced graphene
oxide (265.2 m” g")?¥ in acid medium and lower than hydrazine-
reduction graphene oxide (~487 m* g).*! The Sgpr and total
pore volume of NGasp are 367.1 m® g”! and 0.24 cn’ g, and the
corresponding pore size distribution determined by the Barrett—
Joyner—Halenda (BJH) method is about 2.6 nm (Fig. 4d). The
Sger of NGgly (207.3 m” g') is lower than that of NGasp. The
Sger of 10.5 m? g”! of NGarg is significantly lower than those of
the other samples, which is consistent with the serious
agglomeration of NGarg as disclosed by SEM studies (Fig. 2d).
X-ray photoelectron spectroscopic was carried out to
evaluate the surface chemical composition of the samples. The

XPS survey spectra of NG and RGO samples are displayed in Fig.

Sa. All the spectra show a predominant graphitic C 1s peak at
284.4 eV. After nitrogen doping using amino acid, the intensity
of O 1s peak (~532.4 eV) decreased, and N 1s peak at about 400
eV appeared, which demonstrates the successful incorporation of
nitrogen. The N1s peak of NGarg is much stronger than that of
NGasp and NGgly, which indicates that the nitrogen content of
NGarg is significantly higher than that of the other samples.

A quantitative analysis was performed based on the XPS, and
the surface atomic concentrations of C, O, and N were derived
from the corresponding peak areas of the XPS and were
summarized in Table 3. Compared with RGO, nitrogen doping is
accompanied by the reduction of GO after the addition of the
three amino acids, as can be proved by the decrease of oxygen
content and increase in C/O atomic ratio in NGasp, NGgly and
NGarg (Table 3). After hydrothermal reaction of GO using amino
acids, the percentage of doped nitrogen was 1.0, 3.0 and 8.9
atom% for NGasp, NGgly and NGarg, respectively. The
difference in nitrogen content is largely due to the big differences
of mass fraction of nitrogen element in each amino acid (10.5%
for aspartic acid, 18.6% for glycine and 32.1% for arginine). The
interaction between amino acid and GO might also affect the
nitrogen content of NG samples. Arginine (basic) has more
positive charges than aspartic acid (acidic). Hence, a stronger
interaction of arginine with GO can be expected, which could
result in a high nitrogen content of NGarg after hydrothermal
reaction. In addition, increase in the amount of DL-aspartic acid
improves the nitrogen content from 0.9% (a mass ratio of 1:1) to
1.2% (a mass ratio of 10:1), which suggests that increase the
mass ratio cannot improves the nitrogen content significantly (Fig
S41, Table S21).

Fig. Sb—d show the N 1s region spectra of the samples
NGasp, NGgly and NGarg, respectively. The N 1s spectra of all
NG samples were decomposed into three peaks: a low binding
energy component (N1) at 398.6 - 398.9 eV and two higher
binding energy components (N2 and N3) at 399.8 - 400.0 eV and
401.4 - 401.6 eV, respectively. It is known that pyridinic-type
nitrogen on carbon surfaces appears at about 398.6 eV and
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nitrogen in pyrrole group was found to be at 400.3.*" *' The
contribution at 401.5 £ 0.3 eV has been assigned to various forms
of quaternary nitrogen atoms.*' Thus, the N1 peak at lower
binding energy can be assigned to pyridine group, and the N2
peak to pyrrole group. The N3 component can be assigned to
quaternary nitrogen atoms. To assess the amount of different
types of N-species created on the NG samples surface
quantitatively, the relative percentage of different nitrogen types
in every NG samples are calculated and plotted in Fig. Se. It can
be see clearly that in all samples the pyrrolic-type nitrogen
predominates and the pyrrolic-type nitrogen content are 0.59,
2.06 and 6.55 atom % in the sample of NGasp, NGgly and
NGarg, respectively. Pyridinic- and pyrrolic-type nitrogen have
been confirmed to have the enhancing effects on the capacitance
due to their pseudocapacitive contributions.”* ** Hence, the
enriched pyrrolic-type nitrogen will be beneficial for the
capacitance of NG samples.

The difference in chemical composition and microstructure
among these materials will have significant impact on their
capacitive properties. The above-mentioned results indicate that
NGasp could have the best electrochemical performance, and
further studies were therefore carried out to wverify this
hypothesis. Fig. 6a shows the cyclic voltammetry (CV) curves for
RGO and NG samples with a scan rate of 10mV s'. The curves
exhibit an approximately rectangular shape, characteristic of the
ideal double-layer capacitor. The loop area of NGasp is the
greatest, followed by RGO. NGarg has the smallest area. These
results indicate the hightest capacitance for NGasp and lowest
capacitance for NGarg. Fig. 6b shows the galvanostatic charge
and discharge (GCD) curves of the NG samples tested at the
current density of 3 A g'. The curves are linear and represent
regularly symmetrical triangle, and the time accomplishing one
charge/discharge cycle for NGasp is much longer than that of
other NG samples, indicating the hightest capacitance for NGasp.
The capacitances for all NG samples are following the order of
NGasp > RGO > NGgly > NGarg, which is in accordance with
those results of CV analysis.

The specific capacitance values are listed in Table 2. It can
be clearly seen that the Cq value for NGasp is 246 F g at a
current density of 3 A g”', which is higher than that of RGO (201
F g) and also much higher than that of NGgly (161 F g') and
NGarg (105 F g). The CV curves (Fig. S6at) of NGasp samples
exhibit approximately rectangular shapes, characteristic of the
double-layer capacitor. The GCD curves at different current
densities are displayed in Fig. S6bi, the nearly triangular
charge-discharge curves reflect the good capacitive performances
of the NGasp. Fig. 6¢ presents the specific capacitance plots of
RGO and NG samples, it can be seen that the C. value of Nasp is
388 F g at current density of 0.5 A g”', and the value of NGasp
is still as high as 219 F ¢! even at a high current density of 10 A
g’ Moreover, capacitance retention of 92% (227 F ¢!, at 3A g)
was obtained after 1000 cycles of charge and discharge (inset of
Fig. 6¢). The SEM and BET results show that RGO and NGasp
have similar morphologies and specific surface area. However,
the capacitance of NGasp is higher than that of RGO, which
suggests that the sample’ electrochem performance can be
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enhanced through nitrogen doping. Even though NGgly and
NGarg have higher nitrogen level, their specific surface areas are
much smaller due to serious agglomeration. Therefore, the total
number of effective nitrogen species contributing to the pseudo-
capacitance is less than that of NGasp, which is the main reason
for lower capacitance of NGgly and NGarg.

Furthermore, the capacitive performance of the samples
prepared by adding the other six amino acids was also tested. As
shown in Fig. 7, the C,, value of samples by the addition of DL-
Aspartic Acid (acidic), L-Glutamic Acid (acidic), L-Leucine
(neutral), L-Alanine (neutral), L-Threonine (neutral), L-Glycine
(neutral), L-Lysine (basic), L-Histidine (basic) and L-Arginine
(basic) are 246, 218, 210, 185, 185, 161, 159, 131 and 105 F g™,
respectively. It is obviously that the specific capacitance of the
samples prepared by adding acidic amino acids is higher than that
of the samples prepared by using neutral and basic acidic amino
acids. The specific capacitance of all samples are following the
order of acidic amino acids > neutral amino acids > basic amino
acids. As is mentioned above, the charge of amino acid
(positively or negatively charged) influences the electrostatic
interaction with GO layers, which leads to different morphology
of samples, and ultimately different electrochemical performance.

In order to confirm our assumption that the positively (pH <
pD) or negatively (pH > pl) charged amino acid affect the
morphology of NG and ultimately affect the electrochemical
capacitance, additional NG samples were prepared by the same
hydrothermal treatment of the previously mixed solutions of GO
and amino acid (DL-aspartic acid, L-glycine and L-arginine). The
pH of the mixed solution was adjusted with HC1 (0.1M) or NaOH
(0.1M). After hydrothermal reaction, the products were labeled as
NGasp (pH=2), NGgly (pH=7) and NGarg (pH=13), respectively.
Electrochemical measurements of the products were performed
after purification and the results were listed in Table 4 and shown
in Fig. S7;. The nature of the charged amino acid can be changed
by adjusting the pH of the mixed solution. The positively charged
glycine and arginine (pH < pl) induced GO aggregation through
electrostatic repulsion. Hence, low specific capacitance (171 F g’
and 132 F g' at 1 A g, respectively) of the previous prepared
NGgly and NGarg were obtained. On the contrary, after adjusting
the pH of the mixed solution of GO with glycine and arginine to
7 and 13, respectively, the negatively charged ones (pH > pl)
enhanced the repulsive force between GO layer. As expected, the
as prepared NGgly (pH=7) and NGarg (pH=13) exhibit higher
specific capacitance of 253 F g and 191 F g' at 1 A g,
respectively. However, the specific capacitance of NGasp (pH=2)
is still higher than that of NGasp, although the pH value is lower
than the pI of aspartic acid (pH < pI). Recently, Alshareef et al.[**]
reported that hydrothermally reduced graphene oxide (RGO)
produced under acidic conditions shown higher specific
capacitance than basic conditions, because acidic media yield
RGO with more oxygen-functional groups, which could provide
additional pseudocapacitance. Hence, the higher specific
capacitance of NGasp (pH=2) may be caused by pseudo-
capacitance contribution. The additional pseudocapacitance can
be attributed to more oxygen-functionalities in more acidic
condition.
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Electrochemical impedance spectroscopy (EIS) is a useful
measurement that gives some information regarding internal
resistance of the electrode material and resistance between the
electrode and electrolyte. It is well accepted that a semicircle
reflects the electrochemical reaction impedance of the electrode,
and a smaller semicircle means smaller charge transfer
resistance.* It can be clearly seen from Fig. 6d that the charge
transfer resistance for NGasp was the lowest among all samples.
In contrast, the resistance of NGarg was the largest. In addition,
NGasp showed the steepest slope of the plot, which indicates that
NGasp had the lowest charge-transfer resistance and excellent
conductivity.

The above-mentioned results show that NGasp exhibits better
capacitive behavior, which can be related to the continuous 3D
network structure and large specific surface area. The porous
network and flatter graphene structure led to the fast adsorption
and diffusion of the potassium ion on the electrode surface, so
that a very high specific capacity can be obtained. The positively
charged L-glycine and L-arginine induce the aggregation of
NGgly and NGarg samples through electrostatic attraction.
Consequently, low capacitances are obtained. Furthermore, the
nitrogen-doping led to the formation of different nitrogen groups
dominating by pyrrolic N, which is known to provide pseudo-
capacitance. Even though NGasp has the lowest nitrogen level,
the total number of effective nitrogen species contributing to the
pseudo-capacitance is more than the other two samples due to its
largest specific surface area. Hence, the electrochemical
properties of NG samples strongly depend on the proper 3D
network structure and large specific surface area, and effective
nitrogen content as well.

4. Conclusions

In summary, NG samples were synthesized by a simple one-pot
hydrothermal process using graphene oxide and three kinds of
amino acids with different acidities. Acidic amino acid yield NG
with cross-linked 3D network and a large surface area of 367.1
m® g (NGasp), while the obtained NG from basic amino acid
shows a tightly stacked structure and a much smaller surface area
of 10.5 m* g”! (NGarg). The negatively charged acidic amino acid
(pH > pl) can prevent GO flakes from aggregation through
electrostatic attraction, whereas the neutral and basic amino acids
with positive charges (pH < pl) induce GO aggregation through
electrostatic repulsion. Hence, the electrostatic interaction is
behind the differences in morphology and specific surface area of
the obtained NG samples. XPS confirmed the doping of nitrogen
with pyrrolic nitrogen as dominating nitrogen species. The
surface N content of NGasp is much lower (1.0 at%) than that of
NGgly (3.0 at%) and NGarg (8.9 at%). However, the effective
nitrogen content of NGasp contributing to the pseudo-capacitance
is more than that of NGgly and NGarg due to its 3D network and
large surface area. Hence, NGasp exhibits the highest
electrochemical capacitance of 246 F g at 3 A g' and 388 F g
at 0.5 A g'. The specific capacitance for the nine samples are
following the order of acidic amino acids > neutral amino acids >
basic amino acids. The microstructure, surface area and effective
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nitrogen content play in the capacitive

performance of the NG samples.

important roles
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H,N-CH-H
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COOH L-glycine

HN=CH—(CHp)y—NH~G=NH,
COOH }\llH L-arginine

Fig. 1 (a) Selected three typical amino acids as the doping agents and (b) Photographs of typical RGO and NG, inset shows the

typical NG after freeze-dried.
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Fig. 2 (a) SEM images of RGO; (b-d) SEM images of NGasp, NGgly and NGarg, respectively.
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Fig. 3 Probably interaction between amino acids and GO. (a) DL-aspartic acid with GO, (b) L-glycine with GO and (c) L-arginine with GO.
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Fig. 4 (a) XRD patterns of GO, RGO and NG samples. (b) Raman spectra, (c) N, adsorption-desorption isotherms and (d) pore size

distribution of RGO, NGasp, NGgly and NGarg, respectively.
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Fig. 5 (a) XPS spectra for RGO and NG samples; (b), (c) and (d) N 1s region spectra of the samples NGasp, NGgly and NGarg; (e)
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nitrogen in that sample.
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Fig. 7 Specific capacitance values of the samples that addition of different amino acids, tested at the current density of 3A g™
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Table 1 The pH value of GO with different amino acids, pl of the nine amino acids .

Amino acids pH pl pH Vs. pl
Aspartic Acid (acidic) 32 2.97 pH >PI
Glutamic Acid (acidic) 34 3.22 pH >PI

Leucine (neutral) 3.6 5.98 pH <PI
Alanine (neutral) 3.8 6.00 pH <PI
Threonine (neutral) 3.5 6.16 pH <PI
Glycine (neutral) 4.1 5.97 pH <PI
Lysine (basic) 2.8 9.74 pH <PI
Histidine (basic) 7.3 7.59 pH <PI
Arginine (basic) 8.4 10.76 pH <PI

Table 2 List of parameters deduced from XRD data, BET and specific capacitances for different samples.

1
Samples 20(°%) dmnm)*  BET(m’g") IC Ee) B
GAg)  (05Ag)
GO 9.90 0.890

RGO 24.72 0.360 352.9 201 279

NGasp 24.53 0.364 367.1 246 388

NGgly 29.59 0.301 207.3 161 228

v NGarg 29.91 0.300 10.5 105 137

*The Bragg equation, nA = 2d sinB was used for the calculation, where n is an integer, A is the wavelength of the incident wave (Cua radiation, A = 1.5418 A), d

is the spacing between the planes in the atomic lattice, and 8 is the angle between the incident ray and the scattering planes.

Table 3 The relative surface concentrations of C, O, N and C/O atomic ratio of RGO and NG samples by XPS analyses. 15

Sarnples Cxps(at.%) Oxps(at.%) prs(at.%) Cc/O

RGO 83.7 16.3 5.1

NGasp 86.2 12.8 1.0 6.7

NGgly 82.7 14.3 3.0 5.8

” NGarg 77.0 14.1 8.9 55
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Table 4 The nature of charge for the three amino acids and the specific capacitances of the produced NG under different pH.

Amino acid

Aspartic
Acid

Glycine

Arginine

pH
(the mixture of GO and amino acid)

32
2.0
4.1
7.0
8.4

13.0

pl

297

5.97

10.76

pH Vs. pl

pH>pl
pH<pl
pH<pl
pH>pl
pH <pl

pH>pl

Charge

negative
positive
positive
negative
positive

negative

Csc (F g'l)
of NG at1A g

295
348
171
253
132

191
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