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ABSTRACT: Tuning the surface chemistry of 3D graphene structures, such as hydrogels and aerogels, is critical for advancing their
chemical and physical properties, which are essential for material design. Here, we present an innovative in-flow covalent
functionalization approach based on diazonium salt chemistry to introduce new functionalities into the 3D graphene aerogel
backbone while preserving its porous architecture. To achieve this, we designed a flow-based reactor tailored for the functionalization
of macroscopic aerogel samples, addressing limitations of noncovalent methods including molecular slippage. Notably, the proposed
method operates at room temperature, a significant advantage over existing techniques that often require high thermal conditions.
Additionally, to overcome challenges associated with solid-state Raman analysis of graphene-based compounds, we proposed a
statistical model to enhance the reproducibility of the process and rationalize ID/IG ratios post-treatment. This work demonstrates
the feasibility of in-flow covalent functionalization of 3D graphene aerogels, opening new perspectives for the development of
customizable porous carbon-based materials for various technological applications.

■ INTRODUCTION
Over the past decade, porous graphene aerogels have gained
significant attention from the scientific community due to their
unique structural, chemical, and physical properties.1 When
combined with the extensively studied 2D graphene, these
aerogels have demonstrated potential across various applica-
tions, including bioelectronics,2,3 sensing,4−6 pollution reme-
diation,7 electromagnetic interference shielding materials,8 and
energy storage.9

In this context, 3D graphene structures, such as hydrogels
and aerogels, represent a promising solution to enhance the
properties of 2D graphene nanocomposites. The intercon-
nected porous network of 3D graphene, combined with its
inherent properties, provides an increased surface area and
enhanced pathways for electron transport and storage.
Consequently, 3D graphene exhibits a well-defined architec-
ture, excellent electrical conductivity, a high specific surface
area, and versatile gas adsorption sites.10−13

The interaction between the porous carbon matrix and a
secondary phase, whether liquid or gaseous, is a critical factor
for most applications of these materials. As a result,

functionalizing graphene aerogels to introduce heteroatoms is
essential to tailor their properties for specific requirements.14

The chemical modification of 3D graphene structures has
emerged as a growing area of interest with the aim of
optimizing these materials for targeted applications. For
example, in the field of engineered living materials (ELMs),
the ability to control the surface chemistry of graphene-based
3D scaffolds has become increasingly important. Modifying
surface chemistry, alongside fine-tuning physicochemical
properties, can significantly enhance parameters such as
biocompatibility and reduce nanotoxicity.15,16 Furthermore,
as highlighted by the work of Plata-Gryl et al., the surface
chemistry of reduced graphene oxide aerogels plays a crucial
role in their properties and applications, influencing factors
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such as surface free energy, roughness, and specific molecular
interactions.17

Functionalization strategies for graphene-based materials
generally depend on the surface chemistry of graphene oxide
(GO), which is rich in oxygenated functional groups such as
carboxyls, carbonyls, and hydroxyls, a powerful source for the
material design.18−21 However, for the synthesis of graphene
hydrogels and aerogels, GO must undergo reduction to induce
spontaneous self-assembly, a process that removes most of
these functional groups to form the reduced graphene oxide
(rGO) 3D architecture. While the resulting 3D-rGO structure
exhibits high surface area and pronounced electrical properties,
the absence of functional groups renders these materials
relatively inert, lacking catalytic or molecular recognition sites,
which limits their functional versatility. In this context, the
rational functionalization and the surface engineering of
carbon-only graphene materials with active heteroatoms or
guest components to imbue more appealing properties and
practical applications become highly welcomed.17,22 Graphene
aerogels are primarily functionalized by incorporating guest
species into the colloidal GO dispersion prior to self-assembly,
forming hybrid 3D structures with guest species embedded
between rGO layers.23−28 However, noncovalent functionaliza-
tion has limitations, such as molecular slippage due to weak
interactions,29 and the need to ensure compatibility between
guest species and the GO colloid to avoid chemical alterations
during assembly. Experimental conditions, including the
temperature, pressure, pH, and reducing agents, can signifi-
cantly influence guest species. Alternatively, doping with
heteroatoms (e.g., N, S, P, B) can alter graphene’s inertness
but often requires high-temperature treatments, increasing
costs for large-scale applications.30−33

To sum up, despite the fact that the modification of the
surface chemistry of two-dimensional graphene has been
extensively explored in the literature, with numerous synthetic
strategies developed to control its chemical and physical
properties, there is a lack of systematic studies on the
modification of 3D graphene structures. A possible reason
could be that, in the case of three-dimensional graphene
structures like hydrogels and aerogels, classical bulk function-
alization techniques, which require stirring to homogenize the
reaction mixture, are less feasible due to the risk of
compromising the material’s brittle porous microstructure.

Given the growing demand for three-dimensional graphene
systems and the current difficulties and limitations in
controlling the surface chemistry, in this work, we propose a
covalent functionalization strategy to modify the porous
structure of preformed graphene hydrogels by the well-
established diazonium salt chemistry.34,35

Carbon skeleton grafting reactions are of great help in
modifying a low-reactive material such as graphene in its
functional group-free form, and, due to the versatility of aryl
diazonium chemistry, diazonium salts are important building
stones to construct complex interfaces covalently anchored to
carbon surfaces.36 In this scenario, this functionalization
approach is highly versatile for the introduction of new
functional groups into graphene and its derivatives. In general,
diazonium salt chemistry is employed either to tune the
electronic properties or to anchor more complex organic
molecules through the successive chemical reactions of the
modified material.35,37 A variety of commercial aromatic
amines are available with versatile functional groups suitable
for successive reactions. Examples include 4-aminophenol
(−COOH), 4-aminothiophenol (−SH), and 4-aniline-sulfonic
acid (−SO3H).38,39 For example, Rebuttini et al. employed 4-
aminophenol as the primary aromatic amine for spontaneous
graphene oxide grafting, with the objective of investigating the
interaction between iron oxide nanoparticles and the −COOH
functional groups.39 Another example is represented by the
work of Wang et al., in which Ar-NO2 moieties were grafted on
rGO layers in order to enhance the adhesion of Prussian Blue
structures for the development of sensors aimed at hydrogen
peroxide detection.40 This strategy therefore offers broad
opportunities for tailoring the surface chemistry of graphene
and its derivatives. However, while graphene in its two-
dimensional form is compatible with the experimental
conditions of this reaction�since it can be readily dispersed
in solution as a powder�this is not technically feasible for self-
assembled structures such as graphene hydrogels and aerogels
as their architecture would be compromised.
To address this challenge, we developed a custom-designed

flow reactor that allowed us to effectively functionalize
graphene hydrogel samples without compromising the porous
structure, which were subsequently converted to functionalized
graphene aerogels by freeze-drying. In this way, the reaction
mixture can flow uniformly throughout the entire hydrogel
structure without the need to disperse the material in a

Figure 1. (a) Schematic representation of the flow reactor; (b) magnification of the reaction chamber showing the graphene hydrogel
functionalization step; yellow dots represent the reaction mixture flowing from the bottom to the top of the reaction chamber.
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destructive manner. This method demonstrates a significant
advantage, as it operates at room temperature and allows the
use of small quantities of reagents for a single functionalization
event.
To the best of our knowledge, this represents the first

instance of covalent functionalization of preformed graphene
aerogels by using a flow reactor. Additionally, inspired by the
work of Wrob́lewska et al.,41 we implemented a statistical
approach to process Raman spectroscopy data, ensuring the
reproducibility of the functionalized graphene 3D structures.
This model addresses a well-known limitation in the literature,
wherein single Raman measurements are insufficient to
accurately characterize samples that are chemically and
morphologically heterogeneous.42

■ MATERIALS AND METHODS
Chemicals. The graphene oxide water dispersion (0.4 wt %

concentration, pH 2.2−2.5, monolayer content >95%) was
purchased from Graphenea. L-Ascorbic acid (ACS reagent),
HCl (37%, ACS reagent), NaNO2 (ACS reagent, ≥97.0%),
absolute ethanol (≥99.5%, ACS reagent), and 4-nitroaniline
(≥99%) were purchased from Sigma-Aldrich. All the chemicals
were used as received. For all steps, Milli-Q water was used.
Reactor Building. The experimental work was carried out

using a home-built reactor, which was useful both during the
removal of byproducts from the hydrogel and during the
functionalization step. Figure 1a shows a schematic represen-
tation of the home-built reactor. All flow lines were made of
PE, compatible with all of the reagents used during the
experimental steps. The pneumatic pump module (1) operates
with a N2 flow directed toward the solvent vessels (2). The
nitrogen flow controls the flow of the solvent to the reaction
chamber. It is also possible to switch the solvent vessel at this
stage. The reaction mixture injector (3) is made of glass and
through the switching valve (4) and allows a known amount of
the reagent to be injected into the reaction chamber. The
switching valve (4) allows the solvent line to be closed to open
the reaction mixture line coming from the injector and allows
the respective flows to be closed and opened to control the
reaction time. In addition, by appropriately adjusting the
position of the switching valve, it is possible to set the reactor
in “washing mode”, a step that allows the sample to be rinsed
for the removal of byproducts, conveying the wash water to the
waste (7). The reaction chamber (5) is made of glass and has a
cylindrical shape and a volume of 4 mL. The peristaltic pump
module (6) is used to circulate the reaction mixture through
the reaction chamber (Figure 1b). This allows the reaction
mixture to diffuse through the hydrogel sample to achieve

homogeneous surface functionalization of the 3D graphene
structure.
Synthesis of the Graphene Aerogel. The graphene

hydrogel was prepared by a chemical reduction method using
L-ascorbic acid as the reducing agent.43−45 Briefly, 750 μL of
the GO water dispersion (3 mg/mL) was mixed with 750 μL
of L-ascorbic acid (82 mM) into a glass test tube and, after
stirring for 1 min, the mixture was placed into a preheated
oven at 95 °C. During the reduction, the GO mixture turned
from brown to black, and after 30 min, the rGO hydrogel
structure was obtained (Figure 2a,b). The resulting hydrogel
was placed inside the reaction chamber and was washed with
excess L-ascorbic acid with a water flow (5 mL/min) for 2 h.
Then, the clean hydrogel was freeze-dried (−80 °C, overnight)
to form the rGO aerogel (rGOA) (Figure 2c).
Functionalization of the Graphene Hydrogel. The

rGO hydrogel was functionalized through the diazonium salt’s
chemistry using the 4-nitrobenzenediazonium chloride salt (4-
NBD) as a grafting agent. This compound was chosen as a
grafting agent because the presence of the Ar−NO2 group can
be easily monitored spectroscopically, which is a reliable
diagnostic criterion for successful functionalization. First, 23
mg of 4-nitroaniline (4-NA) powder was solubilized with 1.5
mL of degassed H2O and 0.5 mL of concentrated HCl. The
solution was stirred until complete solubilization. Second, 17
mg of NaNO2 powder was dissolved in 1.75 mL of degassed
H2O and 0.25 mL of HCl 1M. Both solutions were then placed
in an ice bath, and the resulting 2 mL of NaNO2 solution was
slowly added drop by drop into the 4-NA solution; 4 mL of 4-
NBD 42 mM solution was then obtained. The concentration of
the diazonium salt used in this procedure was determined
through an optimization study of the experimental conditions,
carried out by Raman Microscopy and reported in paragraph
S1 in the Supporting Information. Therefore, 4 mL of 4-NBD
previously synthesized was injected through the reaction
mixture injector (4) into the reaction chamber (5) containing
a sample of the rGO hydrogel previously synthesized. The
reaction mixture was kept inside the reaction chamber for 1 h
at room temperature with a continuous circulating flow of 5
mL/min, activated by the peristaltic pump (6). During the
functionalization step, the formation of gas bubbles from the
hydrogel structure was observed; in fact, to form new C−C
bonds between graphene and the diazonium salt, N2 is
produced. After 1 h, to remove the excess of diazonium salt,
the reactor was set in washing mode using the following
conditions in terms of sequence and amount of solvents: 300
mL of H2O, 200 mL of H2O/EtOH (1:1), 300 mL of H2O
(flow rate 5 mL/min). The washing flow was activated by the

Figure 2. (a) Graphene oxide water dispersion; (b) rGO hydrogel after the self-assembly due to the reduction of GO layers; (c) rGOA.
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pneumatic pump (1), selecting the appropriate position of the
switching valve system (4); the washing was collected in the
waste (7). Thus, the functionalized rGO hydrogel was
obtained. Finally, the sample was freeze-dried (−80 °C,
overnight) to obtain the functionalized rGO aerogel ( f-rGOA).
The implementation of a flow-based approach allows the

reaction mixture to percolate through the sample in a
nondestructive manner and without the need for agitation,
which contributes to a homogeneous grafting process across
the entire hydrogel structure. This hypothesis is supported by
structural characterizations and further corroborated by a
control experiment performed under static conditions that
confirms the crucial role of the flow system (see Supporting
Information paragraph S2).
Characterization. GO, rGOA, and f-rGOA were charac-

terized to evaluate the progressive chemical and morphological
modifications (Figure 3). In order to study the surface
modification on the graphene structure, micro-Raman spec-
troscopy was performed using a DXR3 Raman Microscope
(ThermoFisher) with a laser wavelength of 780 nm as the
excitation source and a ×10 objective lens. The laser power
was kept at 10 mW, working in fluorescence correction mode.
The collected exposure time was 1 s with 10 sample exposures.
The first-order Raman spectrum was fitted with OriginLab
2018 software by the sum of 3 functions related to the D
(1300−1325 cm−1), D″ (1500−1550 cm−1), and G (∼1590
cm−1) bands; it was found that D″ bands fit better with
Gaussian functions, while D and G fit better with Voight
functions. The ID/IG ratios were calculated with the relative
intensity of the D and G bands after the fitting, to eliminate the
contribution due to the D″ bands on the first-order spectrum.
Each sample has been tested five times at different points to
have a representative value of ID/IG, fwhm of the D band, and
peak position. Results are expressed as the mean.
To evaluate the nature of the chemical functionalities,

ATR−FTIR spectra were acquired using a PerkinElmer
Spectrum Two FT-IR spectrometer equipped with an ATR
module. All the spectra were acquired in the range of 4000−
500 cm−1 with a resolution of 4 cm−1.
X-ray photoelectron spectra (XPS) were measured at a 45°

takeoff angle relative to the surface sample holder, with a PHI
5000 Versa Probe II system (ULVAC-PHI, INC., base
pressure of the main chamber: 1 × 10−8 Pa).46,47 Samples
were excited with the monochromatized Al Kα X-ray radiation
using a pass energy of 5.85 eV. The instrumental energy
resolution was ≤0.5 eV. The XPS peak intensities were
obtained after Shirley background subtraction. Spectral
calibration was achieved by fixing the Ag 3d5/2 peak of a
clean sample at 368.3 eV;48 this method turned the C 1s peak
of the adventitious carbon contamination at 285.0.46−48 After

subtraction of the background, some XP spectra were fitted
with Gaussian/Lorentzian envelopes, the Lorentzian compo-
nent being always lower than 20%. This process involves data
refinement, based on the method of least-squares fitting,
carried out until there is the highest possible correlation
between the experimental spectrum and the theoretical profile.
The residual or agreement factor R, defined by R = [Σ(Fobs −
Fcalc)2/Σ(Fobs)2]1/2, after minimization of the function Σ(Fobs −
Fcalc)2, converged to the value of 0.03. The atomic
concentration analysis was performed by considering the
relevant atomic sensitivity factors.49

The morphology and the microstructure of the aerogel
samples are determined by scanning electron microscopy
(SEM) using a ZEISS SUPRA 55VP. The specific surface area
and porosity distribution were obtained from N2 adsorption/
desorption isotherms at 77 K using a Micrometrics Tristar II
3020 (Micrometrics) apparatus. The whole aerogel samples
were heat-treated (T = 80 °C for 24 h) before the analysis to
remove adsorbed water.
Repeatability Evaluation of the Graphene Hydrogel

Synthesis. Many factors can affect the microscopic and
macroscopic properties of graphene and its derivatives, such as
the uneven distribution of the functional groups on the surface
or the oxidation state of the carbon layers. Therefore, variable
properties of the starting material can affect the repeatability of
a synthetic product when a nanomaterial such as graphene is
chemically processed. In our work, the graphene hydrogel was
taken as a starting material, which was subsequently function-
alized to obtain the final product; thus, it becomes crucial to
have control over the quality of the sample that will be
functionalized. For this purpose, we propose a statistical tool
for processing micro-Raman data to evaluate the repeatability
of the graphene hydrogel synthesis. Raman spectroscopy was
chosen because it is known to be a useful tool for
characterizing carbon materials and because of the amount
of quantitative information that can be easily extracted from
the data.41,50,51 For this purpose, eight independent syntheses
were carried out, and for each sample, four Raman measure-
ments were made at different points on the same sample to
obtain representative values. By examining the ID/IG ratio of all
the measurements, a confidence interval (CI) was calculated to
have a narrow range of acceptable values for a degree of
confidence of 95%. Only samples with an ID/IG value within
the CI will proceed to the next functionalization step. The
result provides a range of ID/IG values such that hydrogel
samples with values between 1.80 and 1.84 can be considered
to be indistinguishable. This CI will be useful following the
chemical modification; in fact, Raman analysis of graphene
samples is diagnostic of the chemical changes made to the
sample by comparing the ID/IG ratios before and after. With

Figure 3. Evolution of the surface chemistry of the material after chemical treatments. (a) GO; (b) rGOA; (c) f-rGOA.
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this model, if the postfunctionalization ID/IG differences
remain within this range, no speculation will be statistically
unacceptable. The full statistical workflow is available in the
Supporting Information, paragraph S3.

■ RESULT AND DISCUSSION
Raman Analyses. Raman spectroscopy is a powerful tool

for the characterization of carbon materials, especially

considering that conjugated and double C�C bonds lead to
high Raman intensities. Highly ordered graphite shows only
two active Raman bands visible in the spectrum which are the
in-phase vibration of the graphite lattice (G band) at 1575
cm−1, and the weak disorder band caused by the graphite edges
(D band) around 1355 cm−1.52 Both the D band and the G
band undergo significant changes when the surface is modified
with a certain number of defects, represented by structural
imperfections or the presence of tetrahedral carbon domains.53

A general observation is that higher disorder in graphite leads
to a broader G band, as well as to a broad D band.54 The
intensity ratios of the typical D and G bands (ID/IG) could be
used as a metric of disorder in the graphene structure.55

Therefore, graphene-based materials show two active Raman
bands in the first order spectrum, which are the G band due to
the in-phase vibration of the graphitic lattice (the E2g mode of
the planar carbon domain) around 1590 cm−1, and the D band,
around 1300−1325 cm−1, due to the symmetric A1g mode.

54

The Raman spectrum of GO (Figure 4a) shows a broad D
band at 1325 cm−1 and a broad G band at 1596 cm−1; the ID/
IG ratio of 1.72 and the value of fwhm of the D band of 146
cm−1 are indicative of significant structural disorder due to the
prominent oxidation degree.55,56 Following the chemical
reduction of GO to obtain the rGOA, the vibration frequency
of the D band decreased to 1304 cm−1 and the G band shifted
to 1592 cm−1 (Figure 4b); this phenomenon could be
attributed to the restoration of the π-system due to chemical
reduction. Compared to GO, the ID/IG increased to 1.83 and
the fwhm of the D band decreased to 93 cm−1. The increased
ID/IG ratio following the chemical reduction of GO is a widely
observed and discussed phenomenon in the literature, and
many explanations have been given. First, this growth suggests
a decrease in the average size of the planar carbon domain
upon the chemical reduction of GO and can be rationalized
when new graphitic domains have been created, smaller in size
compared to GO but more numerous.57,58

Figure 4. First-order Raman spectra of (a) GO; (b) rGOA; (c) f-rGOA.

Table 1. First-Order Raman Spectrum Deconvolution Data
Related to GO, rGOA, and f-rGOA Samples

parameter GO rGOA f-rGOA

ID/IG 1.72 ± 0.02 1.83 ± 0.02 1.70 ± 0.02
Dposition (cm−1) 1325 ± 2 1304 ± 1 1310 ± 2
Gposition (cm−1) 1596 ± 1 1592 ± 1 1594 ± 1
Dfwhm (cm−1) 146 ± 1 93 ± 1 95 ± 1

Figure 5. Spatially resolved Raman measurements of the f-rGOA
sample in zone 1, zone 2, and zone 3.

Table 2. First-Order Raman Spectrum Deconvolution Data
Related to the f-rGOA Sample in Different Regions

f-rGOA sampling
area ID/IG

Dposition
(cm−1)

Gposition
(cm−1)

Dfwhm
(cm−1)

zone 1 1.71 1312 1595 96
1.70 1311 1595 95
1.69 1312 1595 96
1.69 1312 1595 96
1.70 1312 1595 97

mean 1.70 1312 1595 96
zone 2 1.69 1312 1595 95

1.73 1308 1592 95
1.68 1312 1594 95
1.69 1311 1595 95
1.67 1312 1595 94

mean 1.69 1311 1594 95
zone 3 1.74 1312 1595 95

1.71 1312 1595 97
1.68 1312 1595 95
1.69 1312 1595 95
1.68 1312 1596 95

mean 1.70 1312 1595 95
total mean 1.70 ± 0.02 1312 ± 1 1595 ± 1 95 ± 1
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Furthermore, it is known that structural defects are formed
in the graphene sheets during the reduction of GO when the
temperature surpasses 50 °C due to CO2 elimination.

59 In
agreement with the previous data, the decrease in fwhm of the

D band from 146 cm−1 to 93 cm−1 confirms the order
restoration of the graphene sheets. Interestingly, the ID/IG ratio
strongly changes following grafting of Ar-NO2 on the graphene
structure (Figure 4c). The ID/IG ratio decreases to 1.70, and
the fwhm of the D band is 95 cm−1. Similar results have been
reported in the literature in which the ID/IG ratio decreases as a
result of diazonium salts grafting on rGO.60 This suggests that,
as a result of the functionalization with Ar−NO2, the aromatic
domains of the structure begin to grow from the graphene
edges.61 However, it cannot be excluded that this trend is due
to the growth of oligomers by the diazonium salt, but this
phenomenon is beyond the instrumental limits of the
technique. All the results have been summarized in Table 1.
Additional spatially resolved Raman measurements were

carried out in different regions of the f-rGOH sample to assess
the uniformity of the chemical functionalization. Specifically,
five spectra were recorded in three distinct areas: zone 1
(upper external surface), zone 2 (lower external surface), and
zone 3 (internal cross-section, sample bulk), as illustrated in
Figure 5, to represent the entire sample composition. As
summarized in Table 2, the consistency in the average Raman
parameters obtained from the first-order spectra across all
regions indicates that the flow-based functionalization method
adopted leads to a homogeneous structural modification
throughout the entire aerogel structure.
ATR−FTIR Spectroscopy. The ATR−FTIR spectrum of

graphene oxide used as a starting material, collected in ATR
mode, confirms a high degree of oxidation of the structure, in
agreement with the Raman data (Figure 6a). Notably, a
significant peak around 3200 cm−1 is observed, primarily
assigned to the residual water and the symmetric stretching of
the O−H bonds of hydroxyl groups. The broad band around
2800 cm−1 corresponds to the C−H aliphatic stretching. Peaks
at 1728, 1615, 1270−1220, and 1043 cm−1 can be attributed to
C�O symmetric stretching of carbonyl and carboxyl groups,
C�C symmetric stretching, C−O−C symmetric stretching of
epoxy groups, and C−OH symmetric stretching, respectively.62
The infrared spectrum of rGOA was compared with the GO

spectrum to evaluate the chemical reduction step by ascorbic

Figure 6. ATR−FTIR spectra of (a) GO; (b) rGOA; (c) f-rGOA.

Figure 7. (a) Al Kα excited XPS of the rGOA in the C 1s binding energy region. The solid black line represents the experimental profile, the dotted
black line represents the background, the green line represents the Gaussian component at 284.7 eV, the blue line represents the Gaussian
component at 286.0 eV, the cyan line represents the Gaussian component at 286.9 eV, the magenta line represents the Gaussian component at
288.0 eV, the dark-yellow line represents the Gaussian component at 289.1 eV, and the red line, superimposed to the experimental profile,
represents the sum of the Gaussian components. (b) Al Kα excited XPS of the f-rGOA in the C 1s binding energy region. The solid black line
represents the experimental profile, the dotted black line represents the background, the green line represents the Gaussian component at 284.6 eV,
the blue line represents the Gaussian component at 285.8 eV, the cyan line represents the Gaussian component at 286.5 eV, the magenta line
represents the Gaussian component at 287.2 eV, and the red line, superimposed to the experimental profile, represents the sum of the Gaussian
components. (c) Al Kα excited XPS of the f-rGOA in the N 1s binding energy region. The solid black line represents the experimental profile, the
dotted black line represents the background, the green line represents the Gaussian component at 400.1 eV, the blue line represents the Gaussian
component at 405.5 eV, the cyan lines represent the Gaussian component at 407.0 eV, and the red line, superimposed to the experimental profile,
represents the sum of the Gaussian components.
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acid (Figure 6b). In the rGOA spectrum, only two bands
around 1610 cm−1 and 1060 cm−1 are evident, corresponding
to the C�C and C−OH symmetric stretching, confirming the
rGO chemical structure. Importantly, no peaks attributable to
the ascorbic acid are present, indicating the effectiveness of the
washing step.
Finally, the f-rGOA spectrum was compared with the rGOA

spectrum, to evaluate the functionalization step (Figure 6c).
Formally, a nitrobenzene molecule was covalently added to the
rGOA sample as a functional group; in fact, the f-rGOA
spectrum shows the same bands of the rGOA with the addition
of three prominent peaks at 1519 cm−1 and 1345 cm−1,
attributable to the symmetric and nonsymmetric stretching of
the −NO2 group, and a weak peak at 850 cm−1 related to the
C−N aromatic bond.
X-ray Photoelectron Spectroscopy. The electronic

structure of graphene oxide and its derivatives was investigated
by X-ray photoelectron spectroscopy. This technique gives
information on the oxidation states and on the chemical
environment of the studied elements and allows estimation of
the surface elemental composition, once the relevant atomic
sensitivity factors have been considered.46,47,49

Figure S4 shows the high-resolution XP spectrum of
commercial graphene oxide (GO) in the C 1s binding energy
region. This band is rather broad, if compared to the analogue
band of the material synthesized by us, and the peak
deconvolution required three Gaussian components at 284.5,
286.8, and 288.0 eV. According to the related literature,57,63

the signal at 284.5 eV is due to the C−C and C�C states. The
band at 286.8 eV is due to the −C−OH groups, and the peak
at 288.0 eV is due to the −C�O and −COO− surface
groups.47,63 The atomic concentration analysis evidenced an
intensity ratio of 10:3.5:0.5. Figure S5 shows the high-
resolution XP spectrum of GO in the binding energy region.
The observed broad peak at 532.1 eV is largely in agreement
with the already reported XPS data on GO materials.63 The
relative XPS atomic concentration of this GO resulted in the C
71% and the O 29%, thus confirming the high oxidation of the
carbon surface, in agreement with Raman and ATR−FTIR

measurements. Figure 7a shows a high-resolution, sharp XP
spectrum of the reduced graphene aerogel (rGOA) in the C 1s
binding energy region. The peak deconvolution required five
Gaussian components at 284.7, 286.0, 286.9, 288.0, and 289.1
eV. Their relative intensity ratio is about 10:1:1:0.3:0.2.
According to the related literature,47,57,63 the signal at 284.7 eV
is due to the C−C and C�C states. The band at 286.0 eV is
due to the C−O−C functionality. The peak at 286.9 eV is due
to the −C−OH groups. The peak at 288.0 is due to −C�O
and −COO− and that at 289.1 is due to −COOH.47,63 The
atomic concentration analysis evidenced that the first band
dominates the overall carbon intensity, while all the other
bands are of very low intensity. Figure S6 shows the high-
resolution XP spectrum of the rGOA in the O 1s binding
energy region. A broad peak at about 533 eV is largely in
agreement with the already reported XPS data on GO
materials.63,64 The relative XPS atomic concentration of
rGOA resulted in C 87.6% and O 12.4%. Therefore, apart
from a 0.5 eV shift at higher energy, no relevant differences
with respect to the GO analogue were evidenced.
This higher B.E. shift is in tune with the lower oxygen

content of the rGOA with respect to that observed for the GO.
Figure 7b shows the high-resolution XP spectrum of f-rGOA

in the C 1s binding energy region. The peak deconvolution
required four Gaussian components at 284.6, 285.8, 286.5, and
287.2 eV. According to the related literature, the signal at
284.6 eV is due to the C−C and C�C states. The band at
285.8 eV is due to the C−O−C and C−N functionality,57 as
well as to the close second carbon atoms of the −NO2
substituted benzene rings bonded to the graphene surface.
The peak at 286.5 eV is due to some −C−OH groups. The
peak at 287.2 is due to −C�O groups.47 Their relative
intensity ratio is about 10:8:1.7:1, and the relative XPS atomic
concentration of f-rGOA resulted in C 85.6%, O 11.4%, and N
3.0%. From these latter data, it emerges that the huge intensity
increase of the band at 285.8 eV with respect to the previous
cases. Therefore, the presence of the C−N functionality on the
f-rGOA surface is now relevant, in agreement with the f-rGOA
ATR−FTIR spectrum.

Figure 8. SEM images of rGOA (a,c) and f-rGOA (b,d).
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Figure 7c shows the high-resolution XP spectrum of f-rGOA
in the N 1s binding energy region. A noisy but evident
nitrogen signal is apparent. This spectrum was fitted using
three Gaussian components centered at 400.1, 405.5, and
407.0 eV due to −NH2 groups, probably due to the unreacted
4-nitroaniline during the diazonium salt synthesis, −NO2 due
to the grafted Ar−NO2, and inorganic −NO3 groups produced
during the oxidation of the HNO2 in the diazotization reaction,
respectively.65 Their relative intensity is roughly 1:4:1, thus
indicating that the major nitrogen components are represented
by the −NO2-grafted functional groups.
Figure S7 shows the high-resolution XP spectrum of the f-

rGOA in the O 1s binding energy region. Once more, the
broad peak observed at about 533 eV is largely in agreement
with already reported XPS data on GO materials and precludes
further speculations.63 Therefore, apart from a 0.5 eV shift at
higher energy, no sensible differences with respect to the GO
analogue were evidenced.
A comparison between the XPS C 1s signals of the three

GO, rGOA, and f-rGOA systems suggests that the first band,
due to both aliphatic and aromatic backbones, is always
confined in a very narrow energy range, and in particular at

(284.6 ± 0.1) eV. In all cases, this band is the most intense,
and its intensity was chosen as a reference for relative intensity
comparison. Considering higher binding energies, the next
observed XPS band, at 285.8 eV for the f-rGOA and 286.0 eV
for the rGOA, is absent in the GO system, thus indicating that
the commercial GO system does not show any C−O−C
surface functionality. In contrast, this band is huge in f-rGOA.
Once more, this band, if present, is also pinned in a 0.2 eV
narrow range. The third XPS C 1s band appears at 286.8 eV
for GO (due to the −C−OH groups), 286.9 for rGOA, and
286.5 for f-rGOA, thus being spread in a 0.4 eV range. Its
relative intensity varies a lot, being more pronounced in the
commercial GO material and less pronounced in the rGOA.
The fourth band is pinned at 288.0 eV for both GO and rGOA,
while it appears at a lower binding energy value (287.2 eV) for
the f-rGOA. It is clear that this band in the latter system is due
to more than one carbon state and, in particular, to both −C−
N and −C�O functionalities, while in both GO and rGOA, it
represents ionizations of −C�O and −COO− groups. Finally,
the very-low-intensity XPS C 1s band at 289.1 eV, due to the −
COOH group, is observed only in the case of rGOA.

Figure 9. Pore size distribution and relative nitrogen isotherms of rGOA (a,b) and f-rGOA (c,d).
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Morphological Analyses and Surface Area Measure-
ments. The microstructure of the aerogel samples was
investigated by SEM. The micrographs of the rGOA sample
(Figure 8a,c) show the 3D porous micrometric network in
which the multilayered rGO sheets are continuously
interconnected following the self-assembly process. After
functionalization, f-rGOA micrographs suggest that although
the three-dimensional structure is retained, the pore size
distribution changes (Figure 8b,d). In particular, the smaller
pores decrease at the expense of larger ones. This may be due
to the formation of nitrogen bubbles in the vicinity of the pores
during the functionalization, which break the walls of the
smaller pores to form new larger ones.
The results obtained by Brunauer−Emmett−Teller (BET)

measurements support this hypothesis (Figure 9). BET
measurements were conducted on the aerogel samples to
analyze the surface area and pore size distribution of these
samples, and particularly, to examine any structural change due
to the functionalization step. The shapes of the adsorption
isotherms (Figure 9b,d) are indicative of the self-assembly of
the rGO layers to form a 3D backbone. The nitrogen
isotherms for both rGOA and f-rGOA are of the H3 type,
according to the IUPAC classification, which refers to nonrigid
aggregates of lamellar particles (slit-shaped pores). For the
rGOA sample, the surface area is (197.0 ± 0.5) m2 g−1, while
the area within the micropores is 56.5 m2 g−1. Regarding the f-
rGOA sample, the surface area reduces to (144.9 ± 0.8) m2
g−1, with the area within the micropores declining to 20.6 m2
g−1. In addition to a decrease in surface area, it is evident from
Figure 9a,c, that the functionalization process leads to changes
in the distribution of pore sizes. Specifically, there is a
significant reduction in micropores with a diameter of less than
2 nm, which are replaced by larger micropores with diameters
ranging from 2 to 5 nm.

■ CONCLUSION
In the present work, we describe a method for the covalent
functionalization of three-dimensional graphene aerogels by
means of diazonium salt chemistry after the synthesis of the
graphene structure.
Since the 3D graphenic architecture is known to be brittle,

we developed a reactor to prevent any potential damage to the
structure that might occur during a conventional bulk
functionalization reaction. To investigate the reaction, a well-
known grafting method was selected that utilizes 4-NBD salt as
a grafting agent. To evaluate the effect of the chemical
functionalization, a range of spectroscopic and morphological
analyses were conducted, such as XPS, ATR−FTIR, Micro-
Raman, SEM, and BET. According to the spectroscopic data, it
appears that the in-flow functionalization strategy has been
successful in modifying the surface chemistry.
Furthermore, the proposed statistical approach could be a

useful tool for assessing the repeatability of the synthesis of
graphene hydrogels, and for rationalizing the Raman output for
the purpose of studying the effects of chemical treatments,
especially when comparing similar ID/IG values becomes
difficult.
The rapid growth of interest in three-dimensional graphene

structures, such as aerogels, suggests that this strategy can be a
useful tool for modifying the chemical properties of graphene
aerogel structures through a simple method. In particular, the
chemistry of diazonium salts proves to be very versatile for
introducing heteroatoms, or more complex molecules, through

the formation of covalent bonds, which are useful in various
fields such as catalysis or biosensors, for example. Therefore,
this approach can provide new ideas for the preparation of
more complex systems in which the graphenic porous structure
becomes crucial for the final application of the material. This
approach can also be applied to graphene hydrogels, provided
that the solvent is not removed through freeze-drying methods.
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