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Preface

This Reprint, Surface and Interface Modification of Graphite and Graphene-Based Materials for Energy

and Sensor Applications, explores the latest developments in carbon-based materials, particularly

focusing on their modification for use in energy storage systems and sensor devices. The studies in

this collection investigate the synthesis, characterization, and functionalization of graphite, graphene,

and their composites, enhancing their performance in applications such as supercapacitors, fuel cells,

hydrogen storage, and biosensors.

The Reprint covers a wide range of subjects, from intercalation processes and nanoparticle

decoration to cutting-edge surface modification techniques. These modifications have proven

essential in optimizing the materials’ electrochemical properties, enabling their use in advanced

energy systems and sensitive detection technologies. With a blend of theoretical models and

experimental data, the work provides new insights into the functionality of graphite and graphene in

these crucial applications.

The main objective of this volume is to highlight how surface and interface modifications affect

the performance of graphite- and graphene-based materials. By showcasing innovative methods

and practical applications, this collection aims to serve as a comprehensive resource for researchers,

engineers, and professionals in the fields of materials science, nanotechnology, and renewable energy.

It is particularly relevant to those working on the development of more efficient energy storage

solutions and next-generation sensors.

The motivation behind this work stems from the urgent need for more efficient and sustainable

technologies across multiple sectors, especially in energy and healthcare. Graphite and graphene,

with their remarkable properties and versatility, hold great promise for addressing these challenges.

The contributions in this Reprint reflect the dedication of leading researchers working to bridge the

gap between theoretical predictions and practical applications.

The intended audience includes researchers, professionals, and students in the fields of

chemistry, physics, and materials science, as well as industry practitioners exploring new innovations

in battery technology, sensing devices, and energy systems.

We extend our sincere thanks to all the authors and contributors for their invaluable work, as

well as to the reviewers and institutions whose support has been critical to the success of this Special

Issue. Their contributions have ensured the highest standards of quality and relevance, making this

collection a valuable addition to the ongoing research in carbon-based materials.

Luca Tortora and Gianlorenzo Bussetti

Guest Editors
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Density Functional Theory-Based Approaches to Improving
Hydrogen Storage in Graphene-Based Materials
Heriberto Cruz-Martínez 1, Brenda García-Hilerio 1, Fernando Montejo-Alvaro 1, Amado Gazga-Villalobos 1,
Hugo Rojas-Chávez 2 and Elvia P. Sánchez-Rodríguez 3,*

1 Tecnológico Nacional de México, Instituto Tecnológico del Valle de Etla, Abasolo S/N, Barrio del Agua Buena,
Santiago Suchilquitongo, Oaxaca 68230, Mexico; heri1234@hotmail.com (H.C.-M.);
brenda.hilerio@itvalletla.edu.mx (B.G.-H.); moaf1217@gmail.com (F.M.-A.);
gazgavillalobos@gmail.com (A.G.-V.)

2 Tecnológico Nacional de México, Instituto Tecnológico de Tláhuac II, Camino Real 625, Tláhuac,
Ciudad de México 13550, Mexico; hugo.rc@tlahuac2.tecnm.mx

3 School of Engineering and Sciences, Tecnologico de Monterrey, Atizapan de Zaragoza 52926, Mexico
* Correspondence: elvia.sanchez@tec.mx

Abstract: Various technologies have been developed for the safe and efficient storage of hydrogen.
Hydrogen storage in its solid form is an attractive option to overcome challenges such as storage and
cost. Specifically, hydrogen storage in carbon-based structures is a good solution. To date, numerous
theoretical studies have explored hydrogen storage in different carbon structures. Consequently,
in this review, density functional theory (DFT) studies on hydrogen storage in graphene-based
structures are examined in detail. Different modifications of graphene structures to improve their
hydrogen storage properties are comprehensively reviewed. To date, various modified graphene
structures, such as decorated graphene, doped graphene, graphene with vacancies, graphene with
vacancies-doping, as well as decorated-doped graphene, have been explored to modify the reactivity
of pristine graphene. Most of these modified graphene structures are good candidates for hydrogen
storage. The DFT-based theoretical studies analyzed in this review should motivate experimental
groups to experimentally validate the theoretical predictions as many modified graphene systems are
shown to be good candidates for hydrogen storage.

Keywords: decorated graphene; defective graphene; doped graphene; decorated-doped graphene
DFT calculations

1. Introduction

Hydrogen is gaining importance as a clean energy carrier with higher energy density
than conventional fuels [1,2]. Although it is the most abundant element in the universe [3],
it is not a primary energy source available on our planet. Therefore, various technologies
have been proposed that allow for the efficient and safe production, storage, and utilization
of hydrogen [4–6]. Currently, hydrogen is obtained from a wide range of resources, such as
renewable resources and fossil fuels [7,8]. Unfortunately, the element has a low density un-
der ambient conditions. Consequently, many storage technologies have been developed for
storing it with a high density [9,10]. Diverse electrochemical systems with extremely high
efficiencies have been proposed to obtain clean electrical energy from hydrogen [11–13].

The existing hydrogen storage technologies are based on liquefaction or compression
or a combination of the two. However, the liquefaction and pressurization of hydrogen are
not economically viable alternatives for hydrogen storage [14,15]. Hence, hydrogen storage
in materials is considered a good storage option [14] because some of the explored materials
provide H2 storage capacities like or better than the requirements prescribed by the U.S.
Department of Energy (DOE) [16,17]. Therefore, in recent years, numerous materials have
been explored to store hydrogen [18–23]. Among them, carbon-based materials are of high

Molecules 2024, 29, 436. https://doi.org/10.3390/molecules29020436 https://www.mdpi.com/journal/molecules1
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importance because of their suitable properties, such as high specific surface area, low
density, and high thermal as well as chemical stability, making them promising materials
for hydrogen storage [24,25].

Currently, at the molecular level, owing to advances in density functional theory
(DFT)-based methods and computer equipment, novel materials with good performances
have been proposed for hydrogen technologies [26–30]. The DFT-based approach has
gained greater importance as it maintains a good balance between computational time and
accuracy in terms of agreement with the experimental results [31–33].

To date, numerous carbon structures (e.g., graphene, graphite, graphene, nanotube,
nanocone, fullerene, nanotorus) have been explored for hydrogen storage at the DFT level,
and promising results have been achieved [34–41]. These structures are shown in Figure 1.
Although carbon structures are good candidates for hydrogen storage, pristine carbon
structures have limited reactivity for hydrogen storage [42,43]. Therefore, to improve
the hydrogen storage properties of these structures, diverse approaches such as defect
engineering and surface functionalization have been implemented. These strategies allow
us to improve hydrogen storage in carbon structures such as graphene, carbon nanotubes,
and fullerenes [44,45]. Consequently, the modification of carbon structures through de-
fect engineering and surface functionalization for hydrogen storage is a relevant topic for
designing novel carbon-based hydrogen storage materials. Among the structures inves-
tigated for hydrogen storage at the DFT level, graphene is the most studied structure. In
this sense, there are some review articles that analyze the applicability of graphene for
hydrogen storage. For instance, in 2017, some theoretical studies on the hydrogen storage
properties of modified graphene were revised [45]. Recently, Singla and Jaggi reviewed
the theoretical studies on graphene and its derivatives for hydrogen detection and storage
applications [44]. They analyzed the effect of different dopants (i.e., alkali and alkaline
earth atoms, transition metal atoms) on the properties of graphene-based structures to
improve their hydrogen detection and storage capabilities [44]. These review articles show
the importance of modified graphene to be used for hydrogen storage [44,45]. However,
to date, there has been no detailed review article that explains in detail the modifications
made to graphene structures for improving their hydrogen storage properties. Therefore, in
this review, we analyze the DFT-based theoretical advances in the design of novel graphene-
based hydrogen storage materials, highlighting the most popular modifications made to
the graphene structure to improve the hydrogen storage properties.
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2. Hydrogen Storage on Pristine Graphene

One of the first theoretical investigations on the use of pristine graphene to store hy-
drogen was reported by Ganji et al. [35]. They investigated hydrogen storage on graphene
nanoflakes using the B3LYP-D3 method and demonstrated that hydrogen was adsorbed
on a coronene surface with a physisorption energy of approximately −0.05 eV. In another
study, H2 interaction on pristine graphene was investigated by using different DFT-based
methods that incorporated dispersion corrections. The computed hydrogen adsorption
energies on pristine graphene were less than −0.08 eV [46]. The investigated adsorp-
tion energies computed were less than the optimal hydrogen adsorption energy (−0.2 to
−0.6 eV/H2) [47–49]. Therefore, to improve the hydrogen storage properties of graphene,
graphene modification using methods such as defect engineering and surface functional-
ization is necessary. These studies also demonstrated that dispersion corrections must be
included to explain the interactions of hydrogen on graphene accurately [35,46].

3. Hydrogen Storage on Decorated Graphene
3.1. Hydrogen Storage on Single-Atom Decorated Graphene

The use of decorated graphene is one of the strategies used to improve the hydro-
gen storage properties of pristine graphene. This approach involves the deposition of
single-atoms (Figure 2a) or clusters (Figure 2b) on pristine graphene. Ample reports of DFT
studies on hydrogen storage on decorated graphene are available in the literature [50–93].
Single-atom decoration is the commonly used strategy to decorate graphene [50–59,61–93].
Figure 3 shows different single-atoms that have been used to decorate graphene. The com-
monly used elements for decoration are Li, Ca, Ti, and Pd. Interestingly, several studies have
considered dispersion corrections that substantially improve the description of the interac-
tion between H2 and decorated graphene [50,52,53,56,60,62,68,72–75,81,83,85,86,90,91,93].
When the hydrogen molecule is adsorbed on graphene decorated with single-atoms, hydro-
gen is adsorbed on the decorating atoms as they function as active centers. Many studies
showed that the adsorption energies of hydrogen on decorated graphene were higher than
those of hydrogen on pristine graphene, highlighting that most single-atom-decorated
graphene systems comply with the DOE requirement for hydrogen storage through ph-
ysisorption. Other important parameters to consider when exploring new materials for
hydrogen storage are gravimetric capacity and volumetric capacity. The 2025 targets set
by the DOE are a gravimetric capacity of 5.5 wt.% and a volumetric capacity of 40 g L−1

for hydrogen storage systems onboard light-duty vehicles [94]. Interestingly, several of
the investigated materials—decorated graphene materials such as Al [50], Ca [53,55–57],
Li [64–67,72,88], and Ti [65,83]—possess gravimetric capacities higher than the targets set
by the DOE. Thus, these studies show that single-atom-decorated graphene systems are a
good strategy to store hydrogen via physisorption.
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3.2. Hydrogen Storage in Cluster-Decorated Graphene

Another approach to decorate graphene is by using clusters (Figure 2b). Theoret-
ical studies on cluster-decorated graphene have been reported [60,74,77]. For instance,
a theoretical study examined the H2 interaction on Pdn (n = 1–6) clusters supported on
graphene using the PW91 functional [77] and reported that the H2 adsorption energy is
close to the optimal values for hydrogen storage. In another study, hydrogen storage on
Co4 clusters deposited on graphene was investigated using the Perdew–Burke–Ernzerhof
(PBE) functional [60]; the H2 adsorption energy was close to the values required by the
DOE. Recently, H2 adsorption on Lin (n = 1–6) clusters supported on graphene was inves-
tigated using the PBE functional and dispersion corrections [74]. For four H2 molecules
adsorbed on Li6 clusters supported on graphene, the computed adsorption energy was
−0.31 eV/H2. Similar to single-atom-decorated graphene, clusters act as active centers in
cluster-decorated graphene for hydrogen storage [60,74,77]. Thus, these studies show that
the use of graphene systems decorated with clusters or atoms is a good strategy to store
hydrogen via physisorption.

4. Hydrogen Storage on Doped Graphene
4.1. Hydrogen Storage on Single-Atom-Doped Graphene

Another route used to modify the properties of pristine graphene is through substi-
tutional point defects such as doping. This approach substantially modifies the reactivity
of pristine graphene [95–100]. At the DFT level, different types of doping have been in-
vestigated to modify the reactivity of graphene [61,62,79,101–125]. The commonly used
route is to replace a carbon atom in the graphene structure with a dopant atom. To date,
many studies have explored the development of single-atom–doped graphene for hy-
drogen storage [61,62,79,101,102,104–112,114–116,118,121,122,124,125]. Figure 4 shows the
different single atoms used to dope graphene. The commonly used dopant atoms are
N, Ti, Cu, Pd, and Pt. The PBE functional is a popular tool used to study single-atom-
doped graphene for hydrogen storage. Similar to research on decorated graphene, several
studies on single-atom-doped graphene for hydrogen storage adopted dispersion cor-
rections [61,101,104,112,116,118,121,122,124,125]. Interestingly, many studies showed that
the hydrogen adsorption energies on the single-atom-doped graphene fulfill the DOE
requirement for hydrogen storage via physisorption. Meanwhile, the gravimetric capaci-
ties of several single-atom-doped graphene materials were close to the DOE requirement.
These investigations show that the use of single-atom-doped graphene systems is a good
alternative for hydrogen storage.
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4.2. Hydrogen Storage for Different Doping Concentrations

Some studies explored the influence of the concentration of doping elements on the
hydrogen-storage properties in doped graphene [103,104,109,112,122]. For instance, DFT
calculations and molecular dynamics were used to study H2 adsorption on Li-doped
graphene (C17Li and C7Li). At atmospheric pressure and 300 K, the C7Li composite could
store up to 6.2 wt.% hydrogen, with an adsorption energy of −0.19 eV/H2 [109]. Interest-
ingly, this material satisfies the DOE requirements. Therefore, it can be a promising material
for hydrogen storage. In another study, hydrogen storage on Ti- and Ti2-doped graphene
was investigated using the PBE functional, as shown in Figure 5 [122]. Ti2-doped graphene
was found to be a better material for hydrogen storage than Ti-doped graphene (Figure 5d).
Thus, these studies show that the concentration of doping elements plays an important role
in determining the hydrogen storage capacity of doped graphene [103,104,109,112,122].
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Figure 5. H2 adsorption on graphene structures. (a) H2 adsorption on Ti-doped graphene (SVG-Ti),
(b) H2 adsorption on double-vacancy graphene (DVG-4), (c) H2 adsorption on Ti2-doped graphene
(DVG-4-Ti), (d) hydrogen molecule adsorption energies on graphene structures. The values reported
between the horizontal yellow lines indicate the optimal adsorption energies for hydrogen storage by
physisorption. Reproduced from reference [122].
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4.3. Hydrogen Storage on Cluster-Doped Graphene

Hydrogen storage on cluster-doped graphene has been explored [113,115–117,120].
For example, Ti4- and Ni4-doped graphene structures were studied for hydrogen storage
using PBE functional [113]. It was observed that the Ti4-doped graphene has a better
gravimetric capacity (3.4 wt.%) than Ni4-doped graphene (0.30 wt.%). In another study,
H2 storage on Pd6-doped graphene was examined by using the PW91 functional. It was
demonstrated that Pd6-doped graphene is a good material for hydrogen storage [117]. In
another study, hydrogen storage was computed on Pdn-doped graphene (n = 1–4) by using
the PBE functional [115]. The variation of the H2 adsorption energies on the Pdn (n = 1–4)
clusters-doped graphene supported as a function of cluster size is illustrated in Figure 6.
The single H2 adsorption energy increases as the Pd cluster size increases. Also, Pd4-doped
graphene can adsorb four molecules of H2 while satisfying the requirements of the DOE,
making it a good candidate for hydrogen storage.
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Figure 6. (a) Relaxed structures and (b) variation of the adsorption energies for a single H2 on the
graphene-supported Pdn (n = 1−4) clusters as a function of cluster size. The adsorption energy for
a single H2 on a Pd atom deposited on a pristine graphene is also given. The energy ranges for
chemical and physical H2 adsorption are marked. Yellow, purple, and cyan circles represent carbon,
palladium, and hydrogen atoms, respectively. The optimum energy range for reversible H2 absorp-
tion/desorption is marked in a green rectangle. Reproduced with permission from reference [115].

4.4. Hydrogen Storage on Co-Doped Graphene

Hydrogen storage on co-doped graphene has been investigated by various
studies [119,125–131]. In this case, two types of atoms are embedded in the graphene
structure. Figure 7 shows the different configurations that have been explored. Numerous
co-doped graphene systems, such as B–Pd [119], B–Li [125], 3N–Li [126,128], 3N–Ti [127],
3N–Pd, 3N–Pd2, 3N–Pd3, 3N–Pd4 [129], N–Sc, 2N–Sc, 3N–Sc [130], N–Cu, 2N–Cu, and
3N–Cu [131], have been explored for hydrogen storage. Interestingly, most of these systems
meet the DOE requirement for hydrogen storage via physisorption [119,125–131]. For
instance, hydrogen adsorption on B-Li co-doped graphene structure was studied using
the PBE functional [125]. It was computed that B-Li co-doped graphene can adsorb up to
three H2 molecules with an adsorption energy of −0.19 eV/H2. Also, the hydrogen storage
properties for Ti-3N co-doped graphene structure were computed using the PBE functional
considering the van der Waals interactions [127]. The study demonstrated the ability of
Ti-3N co-doped graphene to adsorb up to three H2 molecules with the adsorption energy
required by the DOE [127]. In another investigation, hydrogen storage properties for Sc-N,
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Sc-2N, and Sc-3N co-doped graphene were studied using the PBE functional considering
the van der Waals interactions [130]. The average adsorption energies of H2 molecules on
Sc-N, Sc-2N, and Sc-3N co-doped graphene structures are reported in Table 1. The results
show that the H2 adsorption energy on co-doped graphene increases gradually as the N
concentration increases. In terms of gravimetric capacity, N–Sc, 2N–Sc, and 3N–Sc co-doped
graphene can adsorb up to six H2 molecules with adsorption energies of −0.15, −0.17, and
−0.19 eV, respectively; see Table 1 [130]. Also, DFT-based theoretical computations were
conducted for studying the H2 adsorption on Cu-N, Cu-2N, and Cu-3N co-doped graphene
structures employing the B3LYP functional [31]. It is observed that the Cu-3N co-doped
graphene structure is the best candidate for hydrogen storage. These results show that
co-doped graphene structures are promising candidates for hydrogen storage.
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Table 1. The calculated average adsorption energies (eV/H2) of H2 molecules on Sc-decorated N-,
2N-, 3N-doped graphene structures with 1–6 H2 molecules adsorbed. Reproduced with permission
from reference [130].

Number of H2 1 2 3 4 5 6

Sc-decorated N-doped graphene 0.19 0.18 0.18 0.18 0.16 0.15
Sc-decorated 2N-doped graphene 0.25 0.23 0.22 0.20 0.18 0.17
Sc-decorated 3N-doped graphene 0.34 0.32 0.29 0.27 0.23 0.19

5. Hydrogen Storage on Graphene with Vacancies

Graphene with vacancies exhibits better reactivity than pristine graphene [132,133].
Theoretical studies have shown that different defects can be introduced in the graphene
structure to improve its hydrogen storage properties [122,134–136]. For instance, hydrogen
storage on different types of vacancies such as Stone–Wales (SW), single vacancy (SV), and
three types of double vacancy was theoretically studied; see Figure 8 [134]. Graphene with
SV and mixed SW–SV had gravimetric densities of 5.81 and 7.02 wt.%, respectively, for
hydrogen storage [134]. A recent study demonstrated hydrogen storage in double-vacancy
graphene (DVG) by using the PBE functional [122]. This structure could store up to nine
H2 molecules (Figure 5d). These results show that graphene structures with vacancies are
good candidates for hydrogen storage.
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Figure 8. Supercells for hydrogen binding over individual defect systems depicting different initial
positions for the adsorption of a hydrogen molecule: (a) pristine, (b) Stone–Wales, (c) single vacancy,
(d) double vacancy 585, (e) double vacancy 555–777, and (f) double vacancy 5555–6–7777. Reproduced
with permission from reference [134].

6. Hydrogen Storage on Doped-Decorated Graphene

So far, different doped-decorated graphene systems have been studied for hydrogen
storage with promising results [54,55,60,91,93,107,126,128,137–145]. In this approach, the
doping atoms are embedded in the graphene structure, while the decorating atoms are
deposited on the doped graphene sheet. For instance, the use of Mg-decorated B-doped
graphene for hydrogen storage was examined by using local-density approximation (LDA)
methods [137]. The adsorption of six H2 molecules on a Mg-decorated B-doped graphene
corresponds to a computed adsorption energy of −0.55 eV/H2, making this material a
good candidate for hydrogen storage. In another study, hydrogen adsorption on Ni-,
Pd-, and Co-decorated B-doped (BC5) graphene was investigated using the PW91 func-
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tional [139]. When 11 H2 molecules were adsorbed on Ni-decorated B-doped graphene,
the calculated adsorption energy was −0.34 eV/H2. Recently, hydrogen adsorption on
graphene doped with two B atoms and decorated with two Y atoms was investigated
employing the Perdew–Wang (PW) functional; see Figure 9 [140]. This system could store
12 H2 molecules with an adsorption energy of −0.568 eV/H2. In addition, metal-decorated
B-doped (BC5) graphene was studied for hydrogen storage using the PW91 functional [141].
Up to nine H2 molecules could be adsorbed on Ni- and Ti-decorated B-doped graphene
with an adsorption energy of −0.43 and −0.41 eV/H2, respectively. Another study exam-
ined the use of La-decorated B-doped graphene for hydrogen storage by using the LDA
method [142] and showed that up to six H2 molecules were adsorbed with an adsorption
energy of −0.53 eV/H2. These studies show that decorated-doped graphene systems are
good candidates for hydrogen storage.
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Figure 9. Optimized structures of twelve hydrogen molecules’ adsorption on Y coated double-sided
graphene with boron doping. Cyan, pink, and dark gray spheres denote Y, boron, and carbon atoms.
Light gray and yellow spheres are hydrogen molecules attaching on the top and opposite sides of
graphene, respectively. Reproduced with permission from reference [140].

7. Hydrogen Storage on Graphene with Vacancy-Doping

Embedding vacancies-dopants in the graphene structure is another strategy to im-
prove the reactivity of graphene for hydrogen storage. Various doped graphene structures
with vacancies have been examined [68,69,93,119,125,143,146–156]. For instance, graphene
with SW defects and doped with Li was investigated using a PBE functional with dispersion
corrections [68]. This structure can adsorb four H2 molecules with an optimal adsorption
energy for hydrogen storage. In another study, hydrogen adsorption on graphene with
double vacancies and doped with Li was investigated using a PBE functional with disper-
sion correction [125]. This system adsorbed three H2 molecules with an adsorption energy
of −0.20 eV/H2. Hydrogen storage using DVG and doped with Ti was studied using the
PBE approximation [146]. An adsorption energy of −0.21 eV/H2 was computed for four
H2 molecules on each side of this structure. Recently, DVG (555–777) doped with a Pd4
cluster was studied using the PBE functional [147]. An adsorption energy of −0.64 eV/H2
was calculated when five H2 molecules were adsorbed on this system. In another study,
hydrogen storage in DVG doped with 12 metals (Ag, Au, Ca, Li, Mg, Pd, Pt, Sc, Sr, Ti, Y,
and Zr) was studied by using the generalized gradient approximation; see Figure 10 [148].
Computations showed that Ca and Sr have the largest capacity and can store up to six
H2 molecules each. More recently, hydrogen storage in graphene structures with double
vacancies (585 and 555–777) doped with Ca was studied using the PBE functional with
dispersion corrections [149]. These structures can store up to six H2 molecules each. Also,
the capacity of DVG doped with Li for hydrogen storage was computed by using the PW
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functional [69]. The storage capacity of this structure was 7.26 wt.% when Li was doped on
both sides of the defective graphene. These investigations show that graphene structures
with vacancy-doping are good candidates for hydrogen storage.
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metal adatoms with their maximum hydrogen capacity, and (n,o) the Ca and Sr systems with adatoms
adsorbed on both sides of the DCV at their maximum H2 capacities. Reproduced with permission
from reference [148].

8. Hydrogen Storage on Graphene with Co-Doping and Vacancies

Adding co-doping and vacancies in the graphene structure is another strategy used
to improve the reactivity of graphene for hydrogen storage. To date, several modified
graphene structures with co-doping and vacancies have been studied for hydrogen stor-
age [105,119,125,126,128,129,152,153,156]. For instance, Li-B co-doped DVG was studied
for hydrogen storage using the PBE functional [125]. This structure can adsorb three H2
molecules with an adsorption energy like that required by the DOE. In another study,
Li-doped pyrrolic N-doped graphene was studied for hydrogen storage employing the
PBE functional and considering the van der Waals corrections [126]. This structure can
adsorb three H2 molecules with an adsorption energy of −0.18 eV/H2. Also, different
porphyrin-doped graphene structures were studied for hydrogen storage using the PBE
functional [105]. It was computed that Sc-, Ti-, and V-porphyrin-doped graphene can
be good candidates for hydrogen storage, since these structures meet the requirements
established by the DOE. Recently, Be-porphyrin-doped graphene structure was computed
for hydrogen storage employing the PW functional [152]. According to the adsorption
energy established by the DOE, a maximum of four H2 molecules can be adsorbed on Be-
porphyrin-doped graphene. These studies show that graphene structures with co-doping
and vacancies are good candidates for hydrogen storage via physisorption.
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9. Conclusions and Future Directions

This review analyzed the advances in the design of novel graphene-based hydrogen
storage materials, highlighting the modifications made to the graphene structure based
on DFT studies to improve its hydrogen storage properties. To date, various modified
graphene structures, such as decorated graphene, doped graphene, graphene with vacan-
cies, graphene with vacancies-doping, as well as decorated-doped graphene, have been
explored to modify the reactivity of pristine graphene. Most of these modified graphene
structures are good candidates for hydrogen storage. From this detailed review, the follow-
ing conclusions and future directions can be suggested:

(a) Graphene structures decorated with single-atoms or atom clusters for hydrogen stor-
age have been examined. The commonly used strategy is to decorate graphene with
single atoms. Therefore, more studies on cluster-decorated graphene for hydrogen
storage are required. Further, since bimetallic and trimetallic systems are known to
have properties very different from those of monometallic systems, it will be inter-
esting to investigate graphene decorated with bimetallic or trimetallic clusters for
hydrogen storage. Most graphene systems decorated with clusters or atoms comply
with the DOE requirement for hydrogen storage via physisorption. Furthermore,
several of the investigated materials, in particular, graphene decorated with Al, Ca,
Li, and Ti, had gravimetric capacities higher than the target set by the DOE.

(b) The use of doped graphene for hydrogen storage has been widely investigated. Sev-
eral strategies, such as single-atom doping, cluster doping, and co-doping, were
implemented. These types of doping substantially modify the reactivity of graphene,
providing promising materials for hydrogen storage. However, theoretical studies on
cluster-doped and co-doped graphene for hydrogen storage are still scarce. Therefore,
it is necessary to conduct more detailed research on cluster-doped and co-doped
graphene for hydrogen storage.

(c) The use of graphene with vacancies, doped-decorated graphene, and graphene with
vacancies-doping are other strategies to modify the reactivity of pristine graphene for
hydrogen storage. The existing studies have shown promising results for hydrogen
storage. However, comprehensive studies on these systems are necessary.

(d) The graphene structures with co-doping and vacancies have been examined for
hydrogen storage. The available studies show that graphene structures with co-
doping and vacancies are good candidates for hydrogen storage. However, more
studies are required on this type of modified graphene.

(e) Future theoretical studies on modified graphene for hydrogen storage must adopt dis-
persion corrections. Many existing studies did not include these corrections, limiting
the quality of the results. Future studies should also report the gravimetric capacity
of the systems as it is an important parameter to determine whether a material is
a good candidate for hydrogen storage. Many existing studies only reported the
adsorption energy of the H2 molecule, which is not enough to identify new materials
for hydrogen storage.

(f) These theoretical results discussed herein should motivate experimental groups to
experimentally validate the theoretical predictions, as many modified graphene sys-
tems are shown to be good candidates for hydrogen storage. The knowledge of these
systems can be systematized, and the systems can be experimentally evaluated for
hydrogen storage.
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Abstract: Waste wood, which has a large amount of cellulose fibers, should be transformed into
useful materials for addressing environmental and resource problems. Thus, this study analyzed
the application of waste wood as supercapacitor electrode material. First, cellulose fibers were
extracted from waste wood and mixed with different contents of graphene nanoplatelets (GnPs) in
water. Using a facile filtration method, cellulose papers with GnPs were prepared and converted into
carbon papers through carbonization and then to porous activated carbon papers containing GnPs
(ACP−GnP) through chemical activation processes. For the morphology of ACP−GnP, activated
carbon fibers with abundant pores were formed. The increase in the amount of GnPs attached to the
fiber surfaces decreased the number of pores. The Brunauer–Emmett–Teller surface areas and specific
capacitance of the ACP−GnP electrodes decreased with an increase in the GnP content. However,
the galvanostatic charge–discharge curves of ACPs with higher GnP contents gradually changed into
triangular and linear shapes, which are associated with the capacitive performance. For example,
ACP with 15 wt% GnP had a low mass transfer resistance and high charge delivery of ions, resulting
in the specific capacitance value of 267 Fg−1 owing to micropore and mesopore formation during the
activation of carbon paper.

Keywords: supercapacitor; waste wood; cellulose fiber; graphene nanoplatelet; activated carbon
paper; electrode

1. Introduction

The continued and enormous energy consumption using fossil fuels has resulted in
environmental pollution and resource depletion problems, necessitating the development of
energy storage devices [1–6]. Among such devices, supercapacitors storing electrochemical
energy changes, have a high power density and long lifecycle, thereby extending the
operating time and life of batteries [7–12]. Supercapacitors are primarily composed of
two electrodes, electrolytes, and a separation membrane that divides the two electrodes.
Electrodes play an important role in supercapacitor charge storage and are categorized
as electric double-layer capacitors (EDLCs) and pseudocapacitive supercapacitors based
on the electrode materials [13–18]. EDLC electrodes are composed of activated or porous
carbon-based materials with large surface areas that allow easy access of electrolyte ions to
the electrodes for an increase in charge storage [19,20].

Recently, researchers have investigated agricultural byproducts, such as rice husks [21–24],
coconut shells [25–28], or sugarcane bagasse [29–33], as activated carbon precursors in
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supercapacitor electrodes owing to their renewability, eco-friendliness, and low cost. Agri-
cultural byproducts consist of the composition of cellulose, lignin, hemicellulose, ash, and
other substances, which have different characteristic behaviors. Lignin and hemicellulose,
which are amorphous structures, function as binders that cling between cellulose fibers.
Meanwhile, cellulose, a semi-crystalline linear polymer, is lightweight, renewable, and also
has outstanding mechanical properties owing to its high aspect ratio [34–38]. Considering
the different characteristics of cellulose, lignin, and hemicellulose, the desired activated
carbon materials should be prepared after separating these components. In addition, it
is important to separate cellulose fibers as flexible porous materials because they have
advantages in producing more flexible paper-shaped electrodes over hemicellulose and
lignin-based porous carbon materials as a representative paper-making resource.

For example, Wang et al. [39] studied porous carbon spheres prepared from hemicellu-
loses discarded during the cellulose fiber extraction process for supercapacitor application.
Hemicellulose-based carbon microspheres were prepared via a hydrothermal process
and further activated with various activators. Among them, hemicellulose-based acti-
vated carbon spheres activated using ZnCl2 showed a specific capacitance of 218 F g−1 at
0.2 A g−1 in a 6 M KOH solution, but this flexible property has not been reported because
they are not paper or mat. Schlee et al. [40] studied microporous carbon fiber mats for free-
standing supercapacitors obtained from lignin extracted from eucalyptus. Lignin-based
microporous carbon fiber mats exhibited a specific capacitance of 155 F g−1 at 0.1 A g−1 in a
6 M KOH solution, but this flexible property has not been reported. Kim et al. [24] studied
flexible activated carbon paper (ACP)-shaped electrodes with high porosity prepared from
cellulose fibers extracted from rice husks. Flexible ACP prepared using only cellulose fibers
extracted from rice husks achieved the high specific surface area of 2158.48 m2 g−1 and
specific capacitance of 255 F g−1 at 1 A g−1 in a 1 M KOH solution.

Waste wood comprises a substantial portion of cellulose fibers but has rarely been
analyzed as an activated carbon material for supercapacitor electrodes because it contains
impurities such as paints, adhesive, and vanishes. Nonetheless, cellulose fibers isolated
from waste wood can be converted into useful materials, thereby mitigating the environ-
mental problems caused by waste wood [41–45]. Therefore, activated carbon suitable for a
high-capacity supercapacitor electrode from cellulose fibers extracted from waste wood
needs to be investigated.

The pore size distribution and electrical conductivity of activated carbon materials
are important factors for improving the electrochemical properties of EDLC [46–48]. In
this study, cellulose fibers were extracted from waste wood in order to change waste wood
into useful materials for addressing environmental and resource problems and mixed
with graphene nanoplatelets (GnPs) to enhance the electrical conductivity of the resulting
electrode. Subsequently, cellulose papers were prepared with different cellulose fiber and
GnP contents via a facile filtration method. These papers were then converted into ACPs
through carbonization and chemical activation and, consequently, used as supercapacitor
electrode materials. ACPs containing various GnP contents were examined by scanning
electron microscopy (SEM), Brunauer–Emmett–Teller (BET) analysis, X-ray diffraction
(XRD), and Raman spectral analysis. Moreover, the potential of the results as EDLC
materials was analyzed.

2. Results and Discussion
2.1. Morphology of ACP−GnP Samples

Figure 1 shows the SEM images, depicting the morphology of porous ACP containing
GnPs. As shown in Figure 1a, the GnP particles are well dispersed and attached to the ACP
surfaces, thereby enhancing the electrical conductivity. From the magnified SEM image
in Figure 1b, the porous structures of ACP are developed with GnP particles covering
and blocking the pores. An increase in the GnP content reduced the porosity of ACP.
Nevertheless, the abundant pores on surfaces of the ACP surface can affect the formation
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of micropores and mesopores to increase the electrochemical capacitance, as shown in
Figure 1c.
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Figure 1. SEM images of ACP−GnP 15 at different magnifications: (a) 1000×, (b) 10,000×,
(c) 200,000× ACP−GnP 15.

2.2. Textural Properties of ACP−GnP Samples

Porous ACP was obtained by varying the GnP content using N2 adsorption−desorption
isotherms. As shown in Figure 2, the ACP obtained with different GnP contents comprises
a combination of type I and IV isotherms with hysteresis loops according to the BET classi-
fication. As shown in Figure 2a, the N2 adsorption curves at a low relative pressure (p/p0)
of <0.1 for all ACP surfaces drastically increased due to the development of micropores
in ACP−GnP. Generally, when p/p0 approach 0.2, the N2 in the micropores is completely
adsorbed. For p/p0 > 0.2, which is related to the N2 adsorption in the mesopores and
macropores, the volume absorption of N2 on the ACP−GnP surfaces slowly increased
owing to the existence of mesopores. However, the N2 adsorption curves of the ACP−GnPs
decreased as the GnP content increased because the surfaces of the activated carbon cellu-
lose fibers were covered with GnPs, as shown in the SEM images. The BET surface areas of
ACP−GnP 0, ACP−GnP 1, ACP−GnP 3, ACP−GnP 5, ACP−GnP 7, and ACP−1100 were
1592.20, 1535.13, 1475.59, 1342.08, 1254. 71, and 921.78 m2 g−1, respectively.
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Figure 2b shows the micropore, mesopore, and macropore distributions for all ACP−GnP
samples, which were identified using the Horvath–Kawazoe and Barrett−Joyner−Halenda
methods. According to pore size classification (IUPAC), the pores were divided with micro-
pores (diameter, D < 2 nm), mesopores (2 nm ≤ D < 50 nm), and macropores (D > 50 nm).
The ACP−GnP samples mostly comprise micropores and mesopores in the size range
of 0–40 nm, resulting in a hierarchical pore structure. A specific surface part of ACP is
increased to increase the storage capacity of the supercapacitor electrodes. Therefore, pore
structures with micropores and mesopores significantly influence the electrical perfor-
mance. In particular, micropores increase the high surface area, thereby increasing the
storage capacity through the formation of electric double layers. Moreover, these allow
easy ion transfer pathways. Therefore, the development of microporous and mesoporous
structures in ACP−GnP samples plays an important role in enhancing their electrochemical
capacity as energy storage materials.

2.3. Crystallinity of ACP−GnP Samples

The XRD patterns of the ACP−GnP samples are shown in Figure 3a, where two
representative diffraction peaks appeared at 2θ of approximately 24◦–26◦ corresponding
to the (002) of all the ACP−GnP samples, respectively. These peaks are related to the
crystalline structures of the carbon materials. In particular, the broad peaks at 2θ = 24–26◦

are associated with ACP, and the strong and sharp peaks at 26◦ are related to GnP. All
ACPs showed similar full-width at half maximum values and intensities because all waste
wood cellulose papers were treated at the same activation and carbonization temperature.
Meanwhile, the peak intensities at 2θ of 26◦ for the GnPs with high crystallinity sharply
increased with the increasing GnP content [49,50]. In the Raman spectra in Figure 3b, this
characteristic is observed in the two characteristic peaks at 1351 cm−1 of the D band, which
is related to the disordered or defective graphite structure, and 1610 cm−1 of the G band,
which is associated with the ordered layered graphite structure. As shown in Figure 3b, the
G band intensities increased with the increasing GnP content. The ratio for the intensities
of the D and G band (IG/ID) were applied to determine the degree of graphitization [51,52].
The IG/ID values are 0.97, 1.04, 1.10, 1.15, 1.18, 1.33, and 1.59 for ACP−GnP 0, ACP−GnP
1, ACP−GnP 3, ACP−GnP 5, ACP−GnP 7, and ACP−GnP 15, respectively. An increase
in the GnP content increased the degree of crystallinity in ACP, thereby improving the
good electrical conductivity and electrochemical performance between the ACP−GnP and
electrolyte [53,54].
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2.4. Electrochemical Performance of ACPs

The electrochemical performances of the ACPs with various GnP contents as elec-
trodes were evaluated in a three-electrode system using 1 M KOH as the electrolyte. The
measurements were conducted within the potential range of −1 V to 0 V at a potential scan
rate of 100 mVs−1. The cyclic voltammetry (CV) curves of the ACPs with different GnP
contents are shown in Figure 4a. All the curves of the ACPs with different GnP contents
showed rice seed-like shapes [55]. As the GnP content increased, the current peaks of
the ACPs were increased (in the order of ACP−GnP 15 > ACP−GnP 7 > ACP−GnP 5 >
ACP−GnP 3 > ACP−GnP 1 > ACP−GnP 0) owing to the good electrical conductivity of
the GnPs. However, the specific capacitance of the ACPs decreased with the increase in the
GnP content, as shown in Figure 4b, presenting the galvanostatic charge–discharge (GCD)
measurements at a current density of 1 A g−1 for the ACP electrodes with different GnP
contents. Along with the energy storage performance, the specific capacitance resulted
in the GnPs attaching to the fibers and blocking the pores of ACPs. However, the GCD
curves of the ACPs with high GnP contents changed into triangular and linear forms
with respect to the capacitive performance. The symmetrical and triangular GCD curves
demonstrate advisable capacitive conduction and great reversibility, indicating low mass
transfer resistance and high charge delivery of ions in the porous ACP−GnP samples. The
specific capacitances of the ACP electrodes with various GnP content were obtained using
the formula:

Cs =
I4 t

m4V
, (1)
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where I is the discharge current,4t is the discharge time, m is the mass of the ACP-GnP
electrode, and 4V is the potential window [24]. At 1 A g−1 in 1 M KOH solution, the
specific capacitance values of the ACP−GnP 0, ACP−GnP 1, ACP−GnP 3, ACP−GnP 5,
ACP−GnP 7, and ACP−GnP 15 electrodes were approximately 425, 411, 398, 3857, 370,
and 267 Fg−1.
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electrodes containing various GnP contents.

Figure 4c presented the Nyquist impedance spectrum of the ACP−GnP samples in
the frequency range of 0.01–100 kHz. The plots are composed of semicircles in the high-
frequency range and slopes in the low-frequency range. The semicircles are related to the
resistance of the electrolyte (Rs) and charge-transfer resistance (Rct) between the ACP−GnP
electrode surfaces and electrolyte. The slopes are attributed to the ion-diffusion resistance
in the electrolyte. As shown in Figure 4c,d, as the electrical conductivities increased with
an increase in the GnP content, the Rs values of ACP−GnP 0, ACP−GnP 1, ACP−GnP
3, ACP−GnP 5, ACP−GnP 7, and ACP−GnP 15 electrodes decreased as 2.41, 2.24, 1.98,
1.45, 1.21, and 0.62 Ω, respectively. The semicircles shrank, and the slopes increased against
the X-axis, resulting in the faster charge transfer of the electrolyte ions into the porous
ACP-GnP electrode. Although the increase in the GnP content decreased the specific
capacitance of the electrode samples, the GnP content increased the number of the good
ion-diffusion pathways and displayed symmetrical and triangular GCD curves. However,
the ACP electrode sample with the highest GnP content (15 wt%) displayed a high specific
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capacitance of 267 Fg−1 owing to the development of micropores and mesopores during
the activation of carbon paper.

3. Materials and Methods
3.1. Materials

Plywood was sourced from a waste wood treatment plant situated at Jeonju Univer-
sity (Jeonju-si, Republic of Korea). GnP was sourced from Nanografi Nano Technology
(Çankaya, Turkey). All chemicals were of analytical grade and used as received.

3.2. Preparation of the Activated Carbon Paper Containing Varying GnP Content

Waste wood chips (5× 5 cm2) were alkali-cooked in 15 wt% sodium hydroxide solution
for 5 h at 121 ◦C using an autoclave. After washing using distilled water, alkali-cooked
waste woods were first bleached in 2 wt% sodium chlorite and 3 wt% acetic acid solution at
70 ◦C for 90 min and then bleached a second time in 1.2 wt% sodium hypochlorite solution
at room temperature for 60 min. The bleached pulps obtained from a two-step bleaching
process were used as cellulose fibers. Waste wood cellulose fibers and GnPs were mixed in
water according to the weight percentage. Subsequently, 1 wt% polyacrylamide solution
was added as a binder, followed by sonication for 1 h to disperse the GnPs. The papers were
prepared by a facile filtration method of the waste wood cellulose fibers and GnP solution
with specific weight percentages. The obtained papers were carbonized at 900 ◦C under
a pure N2 (99.999%) atmosphere. The carbon papers were immersed in NiCl2 solution
(15 wt%) for 1 h and dried at 80 ◦C to prepare porous ACPs. High-thermal treatment
for activation was carried out at 1000 ◦C under N2 atmosphere. After the activation, all
papers were washed with H2SO4 (0.1 M) to eliminate surplus NiCl2 and neutralized with
distilled water. Subsequently, the samples were dried at 80 ◦C. The ACPs containing the
various GnP contents were labeled ACP−GnP 0, ACP−GnP 1, ACP−GnP 3, ACP−GnP 5,
ACP−GnP 7, and ACP−GnP 15 according to their GnP content in wt%. Figure 5 displays
the schematic of the preparation of ACP-GnP samples from waste wood.
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3.3. Characterization

The morphologies of the ACP-GnP samples were observed by SEM (Hitachi SU-70,
Tokyo, Japan). The specific area was evaluated using BET analysis, and the total pore
volume was determined from the N2 adsorption data at p/p0 of 0.99. Nonlocal density
functional theory (NLDFT) was used to estimate the pore size distributions. The crystallinity
of the ACP−-GnP samples was estimated by XRD (Rigaku, D/MAX-2500 instrument,
Tokyo, Japan), with CuKα radiation at 40 kV and 30 mA, and Raman spectra (Aramis,
Horiba Jobin Yvon, Tokyo, Japan) analysis.

3.4. Electrochemical Measurements

CV and GCD measurements of the electrochemical performance of the ACP−GnP
electrodes were carried out using a CHI 660E electrochemical workstation (CH Instruments,
Inc., Beijing, China). A three-electrode system with a 1 M KOH solution as the electrolyte,
ACP-GnP as the electrode, an Ag/AgCl electrode as the reference electrode, and a Pt
electrode as the counter electrode was used. The CV curves were obtained in the potential
range of −1 to 0 V with the potential scan rates at −100 mV s−1 and step size 0.5 mV. GCD
tests were conducted with the step-wise increase in the current density by at 1 A g−1 in
the voltage range of −1 to 0 V vs. Ag/AgCl. Electrochemical impedance spectroscopy
was performed in the frequency range of 100 kHz to 0.01 Hz to study the Rs, Rct, and
ion-diffusion resistance in the electrolyte.

4. Conclusions

This study demonstrated the conversion of cellulose fibers extracted from waste wood
into useful materials. The obtained cellulose fibers were mixed with different GnP contents
in water, and the cellulose papers with different GnPs content were obtained by a facile fil-
tration method. Subsequently, porous ACP−GnP samples for application as supercapacitor
electrode materials were realized by carbonization and chemical activation. The activated
carbon fibers exhibited the formation of abundant pores. An increase in the GnP content
attached to the fiber surfaces decreased the number of pores. The BET surface areas and
specific capacitance of ACP−GnP electrodes decreased with an increase in the GnP content.
However, the GCD curves of ACPs with higher GnP contents gradually changed into
triangular and linear shapes, which were associated with their capacitive performance. For
example, the GCD curves of ACP−GnP 15 were approximately symmetrical and triangular
line, indicating its low mass transfer resistance and high charge delivery. As such, a high
specific capacitance of 267 Fg−1 was achieved owing to the micropores and mesopores
formed during the activation of carbon paper.

Therefore, this work highlighted the use of waste wood as an active carbon source
for electrode materials, thereby contributing to addressing resource and environmental
problems.
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Abstract: The increasing interest in stretchable conductive composite materials, that can be versatile
and suitable for wide-ranging application, has sparked a growing demand for studies of scalable
fabrication techniques and specifically tailored geometries. Thanks to the combination of the conduc-
tivity and robustness of carbon nanotube (CNT) materials with the viscoelastic properties of polymer
films, in particular their stretchability, “surface composites” made of a CNT on polymeric films
are a promising way to obtain a low-cost, conductive, elastic, moldable, and patternable material.
The use of polymers selected for specific applications, however, requires targeted studies to deeply
understand the interface interactions between a CNT and the surface of such polymer films, and in
particular the stability and durability of a CNT grafting onto the polymer itself. Here, we present an
investigation of the interface properties for a selected group of polymer film substrates with different
viscoelastic properties by means of a series of different and complementary experimental techniques.
Specifically, we studied the interaction of a single-wall carbon nanotube (SWCNT) deposited on two
couples of different polymeric substrates, each one chosen as representative of thermoplastic poly-
mers (i.e., low-density polyethylene (LDPE) and polypropylene (PP)) and thermosetting elastomers
(i.e., polyisoprene (PI) and polydimethylsiloxane (PDMS)), respectively. Our results demonstrate
that the characteristics of the interface significantly differ for the two classes of polymers with a
deeper penetration (up to about 100 µm) into the polymer bulk for the thermosetting substrates.
Consequently, the resistance per unit length varies in different ranges, from 1–10 kΩ/cm for typical
thermoplastic composite devices (30 µm thick and 2 mm wide) to 0.5–3 MΩ/cm for typical ther-
mosetting elastomer devices (150 µm thick and 2 mm wide). For these reasons, the composites show
the different mechanical and electrical responses, therefore suggesting different areas of application
of the devices based on such materials.

Keywords: carbon nanotubes; polymer composites; self-assembly; stretchable sensors; stretchable
conductors

1. Introduction

The recent advances in the development of composite materials aim at achieving
stretchable and flexible materials endowed with tunable electrical properties [1–9]. The de-
velopment of electromechanical sensors based on such materials, through simple and
low-cost procedures, is paramount to optimize manufacturing processes. The process of
upgrading to the large-scale production of electromechanical sensors implies in particular
the possibility of a wide-ranging extension to biomedical application, aiming at the easy
and constant monitoring of patients, and consequently at the improvement in their quality
of life. Electrical conductivity varies with the concentration of the conductive compo-
nent, and it has been reported that it can be made more or less dependent on the strain
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to fabricate strain sensors with different sensitivities [7,10,11]. Many computational and
experimental techniques have been used to study these composites, ranging from numeri-
cal simulations to several experimental techniques, the most widely used being scanning
electron microscopy (SEM) [12–14] for a surface analysis and confocal Raman microscopy
measurements [15–18] for a bulk analysis. The fabrication procedures and subsequent
processing have also been reported to significantly affect the composite electromechanical
properties [19]. We have previously developed single-wall carbon nanotube (SWCNT,
also indicated simply as CNT in the following) polyethylene composite films, combining
the thermoplastic properties of the polymer and the conductive and elastic properties of
the SWCNT bundles. We have obtained arrays of submillimetric conductive tracks on
polyethylene films that have been stretched, shaped, and implanted on the brain cortex of
laboratory rats, allowing, for the first time, to successfully probe their electro-corticographic
signals for several months [19–21].

In the present work, we have extended the previous study analyzing, by additional
techniques, the SWCNT interface with two thermoplastic polymers (low-density polyethy-
lene (LDPE) and polypropylene (PP)) and two thermosetting elastomers (polyisoprene (PI)
and polydimethylsiloxane (PDMS)) to gain a deeper understanding of the characteristics of
the interwoven polymer chains and carbon nanotube bundles.

We have therefore characterized the SWCNT self-grafting on the surface and the
gradient of their penetration inside the polymer films, comparing the two polymeric
classes. In addition, we have investigated the consequences of the two different grafting
mechanisms on the mechanical and electrical behavior of the prepared composites, with the
aim of developing different types of electrical sensing devices for application in medicine
and prosthetics as well as in other engineering fields.

2. Results

To have a first insight into the type of grafting of CNTs onto the different polymeric
substrates, the first characterization of the self-grafted SWCNT layer was obtained by
the optical profilometry of the edge between a conductive track made of CNT bundles
deposited by the drop casting of an aqueous suspension of SWCNTs and the polymeric
substrates. Figure 1 shows the SWCNT tracks on (a) an LDPE and (b) PP films having a
thickness of around about 25 µm (LDPE) and 35 µm (PP). A compact track and a sharp
step can be observed for both thermoplastic polymers. Table 1 shows the average step
height compared to the root mean square (RMS) roughness of the polymeric substrates
after the manual brushing and cleaning performed to remove nonadhering CNT flakes
(as described in Materials and Methods). The polished sample obtained by depositing
the conducting tracks on polyisoprene shows a negative height due to the removal of the
superficial polymer layer together with the surface-grafted CNT.

Images from the optical profilometer complement the previous investigation obtained
by scanning electron microscopy (SEM): the tracks, 3 × 30 mm in size, have thickness values
which can be varied by increasing the number of drop depositions (2–5 µm per single
deposited drop of the nanotube suspension) [19,20]. The SWCNT-deposited layer remains
grafted onto the polymer surface, even after the manual brushing performed to remove
the residual non-grafted SWCNT flakes. The resulting conductive track sticking onto the
polymeric film, stabilized by the penetration of the viscous polymer by capillary forces [19],
has a relatively low electrical resistance per unit length, of the order of 1–10 kΩ/cm.

A completely different behavior is observed by optical profilometry for SWCNT tracks
deposited on thermosetting elastomers, reported in Figure 1 for the PI (c) and PDMS (d).
For this type of polymer, polishing the tracks by mechanical brushing leads to an almost
complete removal of the bundles deposited above the surface, but nanotube bundles appear
to be anchored deeply into the polymer structure, remaining buried in the polymer bulk.
The resulting conductive track, grafted and immersed in the elastomer film, shows a resis-
tance per unit length of the order of 0.5–3 MΩ/cm (about two orders of magnitude higher
than on the thermoplastic substrates). Because of the non-uniform volume distribution of
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the conductive component into the polymer, the electrical characteristics are reported as
the resistance per unit length of the conductor rather than the material resistivity.

(a) LDPE (b) PP

(c) PI (d) PDMS

Figure 1. Surface optical profilometry images (all acquired with a 50 × objective) of conductive
SWCNT tracks deposited onto different polymer substrates: (a) low-density polyethylene (LDPE),
(b) polypropylene (PP), (c) polyisoprene (PI) and (d) polydimethylsiloxane (PDMS).

Table 1. RMS roughness of clean polymer substrates and SWCNT tracks and their step heights from
optical profilometry. Measurements of nanotube depositions are taken after manual brush polishing.

Polymers RMS Polymer (µm) RMS SWCNT Track (µm) Average Step Height (µm)

LDPE 0.2 0.3 3.0
PP 0.1 0.3 2.0
PI 1.7 3.3 −2.0

PDMS 0.1 0.6 0.7

Figure 2 shows the SEM micrographs of the cross sections of the four samples at
different magnifications chosen to highlight the specific characteristics of each sample.
The images confirm and explain this different behavior by showing the following:

• For the thermoplastic materials (Figure 2a,b), a fairly well-defined layer of the CNT,
where single bundles are easily observed, covers the polymer surface. Looking at
the details of the images, one can note the polymer soaking up the CNT layer and
accumulating at its surface, thus stabilizing the deposition (see also Appendix A.1
for detail).

• For the elastomeric substrates (Figure 2c,d), the CNT bundles are hardly ever visible
in the film section, being immersed in the polymer matrix, and rarely show up as
individual “ropes” coated by the polymer, protruding out of the film section.

The penetration gradient of the CNT inside the different polymers was investigated
by confocal Raman microscopy. Such a technique allows high-resolution chemical imaging
of the samples by a combination of the spectral information acquired through Raman
spectroscopy and of the spatial filtering associated with the confocal optical microscope.

31



Molecules 2023, 28, 1764

The Raman spectral bands derive from the characteristic vibrational modes of the molecules
within the samples. When the bands related to these modes are well separated, proper
regions of the spectra can be selected to obtain the chemical-physical information on
the single components of the materials under investigation. The confocal optics of the
microscope allows a volume analysis of the samples by collecting a series of Raman spectra,
both on the plane (X, Y) and along the vertical axes (Z). Such a technique can be thus
used to obtain the tridimensional information of the composition through the samples.
We have thus obtained 3D mapping of the Raman spectroscopic signature of the different
materials while scanning the focused laser beam on the plane parallel to the surface of the
polymer, for many different planes along its thickness. Carbon nanotubes do not show
any significant contribution in the region where the Raman C-H stretching modes due to
the polymers appear (2850–2950 cm−1). Such peaks have thus been selected to identify
the contribution of the polymeric substrates to the Raman maps. The region related to the
Raman G-band (1580–1600 cm−1) was selected to identify the contribution from the CNT
in the 3D maps (the details of such spectral signatures are reported in Appendix A.2).

(a) (b)

(c) (d)

Figure 2. SEM images of SWCNT/polymer composite sections at low angle of incidence. (a) LDPE;
(b) PP; (c) PI; (d) PDMS.

Figure 3 reports such maps for the different CNT/polymer composites. These maps
were acquired by scanning the laser from the pristine polymer face to the CNT-coated side,
along planes parallel to the film surface. Such an acquisition procedure allows the laser
penetration through the specimen, while otherwise the laser would be absorbed by the
CNT layer, without reaching the clean polymer region. Such maps provide an estimate of
the maximum depth of the penetration of the SWCNT deposition (the Z coordinate of the
plane which first displays a scattering signal from the G-band of SWCNT). As explained in
the Materials and Methods section, bright red (green) regions are related to a high CNT
(polymer) concentration, as the integral of the Raman contributions related to the CNT
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(polymer) is high. Yellow and orange regions occur where there is a superposition of both
the CNT and polymer contributions (red + green = yellow in the RGB color scheme).

Figure 3a shows the 3D map of a 25 µm thick LDPE film on which the SWCNT was
deposited. Nanotubes appear to penetrate up to about 15 µm. This can be assessed from the
yellow region that indicates the superposition of the CNT and polymer signals. Figure 3b
shows that the SWCNT on a 35 µm thick PP film has a similar behavior, with an average
maximum penetration depth of about 25 µm.

Figure 3c refers to a 120 µm thick PI film that, on the contrary, displays a very extended
yellow region that proves that CNT bundles penetrate up to about 100 µm. Figure 3d,
related to a 250 µm thick PDMS film substrate, shows an SWCNT penetration of up to
about 70–80 µm, similar to the case of the PI substrates. Because the laser beam is absorbed
by the first layers of the CNT bundles, it was not possible to reconstruct the Raman map
along the overall thickness of the specimen, leaving out an unexplored “dark volume”.

(a) LDPE (b) PP

(c) PI (d) PDMS

Figure 3. SWCNT penetration obtained from Raman spectral signature of carbon nanotubes (red)
and of each polymer (green): (a) LDPE; (b) PP; (c) PI; (d) PDMS. Note that the laser beam impinges
on the upper side of the 3D maps. In the case of the very thick PDMS substrate (d), the volume
described as “dark volume” is the region that is not reached by the laser beam due to absorption by
the SWCNT gradient.

Two representative electromechanical characterizations for the CNT conductive tracks
on the thermoplastic (LDPE) and thermosetting elastomer (PDMS) are reported in Figure 4.
They show very different responses: the electrical resistance of the tracks obtained by the
same procedure is highly different for the thermoplastic and elastomeric substrates.
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Although the electrical resistance of the nanotube bundle tracks deposited on the
thermoplastics is fairly low, such resistance increases rapidly, even over the very limited
range of the strains explored (up to 20%). Furthermore, such changes in both the resistance
and stress are irreversible: as one can see from cycling back the strain to zero, the resistance
does not get back to the original value. On the other hand, the resistance values of
the CNT tracks on the elastomeric substrates are higher, their relative increase is much
slower, the hysteresis of the strain–release cycle is fairly small and the behavior is almost
completely reversible.

(a) LDPE (b) PDMS

Figure 4. Mechanical and electrical behavior of self-assembled SWCNT/polymer composite films.
Stress–strain and electrical resistance–strain plots for (a) thermoplastic (LDPE) and (b) thermosetting
elastomeric (PDMS) polymer substrates. Resistance versus strain (in red) and stress versus strain (in
black) are reported. Note the different y scales and the different shapes of cycles.

The electrical behavior of the different composites appears to be related to their
mechanical performance, as shown by the simultaneous recording of the stress–strain and
resistance–strain curves on the same specimen. Both types of polymers display hysteresis
in both the electrical resistance and the stress due to the relaxation time that the composite
structure needs to return to the original configuration once the strain is released. Both
hystereses are much larger for the thermoplastic LDPE with respect to the elastomeric
PDMS. Possibly, for the 20% strain applied to the LDPE, a permanent plastic deformation
of the conductor occurs, associated with a permanent loss of the electrical conductance.

3. Materials and Methods

Self-grafted composites were prepared following the previously reported procedure.
Polyester stencils were used to produce arrays of wires and electrodes [19,22]. Purified
SWCNT, produced by the HiPCo method [23], were purchased from Carbon Nanotechnolo-
gies Inc. The diameter of the individual SWCNT is 0.7 nm, with random chiralities from
armchair to zig-zag configuration. SWCNT were grafted on different polymer films by the
drop-casting technique. A liquid vector solution was prepared by adding 0.1 mg of Linear
Alkylbenzene Sulphonate (LAS) to 10 mg of 10:90 wt.% water/ethanol mixture; 1 mg of
SWCNT was then added and dispersed in this solution by combination of the surfactant
action of LAS with high-power sonication produced by a Fisherbrand model 120 ultrasonic
disintegrator for 60 min. Even after such treatment, the SWCNT dispersion was never
completely uniform nor stable for a prolonged period of time. However, by keeping the
suspension under continuous sonication in a ultrasonic bath (Elmasonic P) operated at
80 kHz, its homogeneity was maintained high enough to flow through a 200 µm needle for
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the drop-casting purpose. The vector fluid carrying the SWCNT dispersion was deposited
by drop casting on polymeric stencils suitably engineered to define the shape of electrical
conductors on polymeric films. The polymeric film substrates were supported and fixed
onto a metal plate which was heated to a controlled temperature. While the temperature
was kept at approximately 80 °C, the CNT suspension was slowly cast through the needle
on the stencil. Evaporation of the water/ethanol solution left a brown/black deposition on
the polymer surface. The operation was repeated until the empty spaces within the stencils
were completely filled and appeared uniformly black. Irrespective of the hydrophobicity of
the polymer surface, the vector droplets drying on the hot polymer caused some inevitable
reaggregation of nanotube bundles into small flakes of random geometries. Each CNT track
was therefore lightly brushed to remove nonadhering flakes and further cleaned by a jet of
purified air. To stabilize the deposition, the temperature was raised to a value only slightly
lower than the thermoplastic polymer melting temperature (e.g., 115 °C for our LDPE film,
150 °C for PP films). Samples based on thermosetting elastomers (PDMS and PI) were also
heated to 150 °C. All heated samples were maintained at the selected temperature for one
minute, then cooled to room temperature to undergo a further step of mechanical brushing.
Finally, the stencil was carefully removed and the composite devices thus obtained were
used for further characterization.

Surface profilometry measurements were carried out using a KLA Zeta-20 optical
profilometer equipped with a 50× objective and a focal step (0.04) µm. The optical scanning
and step height measurements have allowed extraction of surface profiles and their rough-
ness; the latter was averaged over 5 profiles collected on representative 100 µm2 areas from
both the pristine polymer and the SWCNT coated portion to assess the thickness of the
SWCNT coating and the differences in surface roughness, reported in Table 1. The approxi-
mate average thickness of polymer films was measured by a Palmer micrometer, while the
optical profilometer supplies more local information on step profiles and roughness, also
allowing for 3D surface reconstruction.

SEM scans were obtained by a Tescan Vega (4th Series) electron microscope equipped
with a GMU chamber. Secondary electron images were collected in high-vacuum conditions
and with beam energies in the 10–20 keV range, selecting the best trade-off in terms of
electron penetration and image spatial resolution. To properly study the interface between
SWCNTs and the polymers by SEM, the composite films were cut in liquid nitrogen.
To obtain a clean section, the samples were soaked in liquid nitrogen to stiffen them,
and then they were fractured by means of sharp lancet. Prior to SEM scans, because of
their non-conductive nature, the composites were sputter coated with a gold layer of about
10 nm to prevent artifacts due to charge accumulation. The samples were observed by
tilting the SEM stage up to 70° angles to find the best position to observe the sides and
the edges of the interface layer between the CNT and the polymers, obtaining images as
reported in Figure 2.

Confocal Raman microscopy measurements, performed with a Horiba Xplora Plus
equipped with a 100 × objective and 638 nm laser excitation, were carried out cutting
2 cm × 2 cm squares from composites that were placed under the microscope, with the
naked polymer side facing the objective and the SWCNT layer pointing downward, to re-
construct the tridimensional maps starting from the transparent polymer face. The 3D
map was composed of 5 × 5 scanning points (spaced 5 µm) on each of several planes
parallel to the surface, corresponding to a number of focal depths (along the Z-axis) with a
range depending on the thickness of the polymer. For LDPE, PP, PI and PDMS, the focal
depth ranges were 35, 35, 125 and 195 µm, respectively. The z-step for focal distance was
approximately 8–10 µm for each composite, with a number of steps depending on the
ratio between the depth ranges and the z-step. From the Raman spectra of the composites,
two different regions were selected to identify the contributions from SWCNTs and the
polymers (see Figure A2). More specifically, to identify the contributions related to SWC-
NTs, the 1580–1600 cm−1 region around the carbon nanotubes Raman G-band (at about
1591 cm−1) was selected, while for the polymers, the C-H Raman stretching mode (around
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2850–2950 cm−1) was selected (for further details, see Appendix A.2). The 3D maps in
Figure 3 were obtained by a graphical representation of the integrals of the intensities of
the Raman spectra in the regions related to CNTs and to polymers as a function of the
planar position (X and Y) and focal depth (Z). The red (green) color is associated to the
CNTs (polymers), and the higher the value of the integral in the region related to the CNTs
(polymer), the brighter the red (green) color becomes.

Electrical resistance–strain data were collected by stretching, via a micrometric slide,
conductive tracks made of the different composites, vertically attached to a 120 g metal
weight placed on the plate of an analytical balance having 0.1 mg resolution. We then
recorded simultaneously the resistance of the conductor and the variation in the grav-
itational force on the balance. Specimens were modeled in a “dog bone” shape (with
construction proportion subject to the conventional ISO 527-1—“Plastics – Determination
of the tensile characteristics”). In the case of our stretchable conductive composites, this ex-
perimental arrangement also allows for precise simultaneous measurement of the electrical
resistance as a function of the strain in the same specimen. Specifically engineered copper
clamps provide the necessary electromechanical connection of the specimens. General prin-
ciples of mechanical characterization were followed, as reported in [24]. Such experimental
setup allows a comparison of the mechanical and electrical behavior of the conductive
specimens subject to strain, as shown by the plots in Figure 4, relative to the two different
representative behaviors of thermoplastic polymers and thermosetting elastomers.

4. Discussion

The experimental evidence supplied by the different techniques employed in this work
extends the preliminary analysis [19] on the strong and stable self-grafting of an SWCNT
onto polymeric films. The microscopic process of the SWCNT self-grafting onto polymeric
substrates is a complex process, strongly affected by fabrication methodologies. The body
of results obtained here on composites prepared according to a uniform protocol shows,
however, that grafting is very different between the class of thermoplastic substrates and
that of elastomers.

More specifically, both the confocal Raman microscopy and SEM data show that the
nanotube film grafted on the thermoplastic polymers is compact and thick, penetrating
the polymer film up to approximately 20 µm (15 µm in the LDPE and up to 25 µm in the
PP). Such depth is sufficient to withstand the brushing procedure devised to remove all the
weakly bound CNT flakes. The organic/inorganic materials interact so that many nanotube
bundles penetrate the polymer film for several microns, but also the polymer seems to
embed the deposited SWCNT layer, contributing to binding it firmly to the substrate and
stabilizing the whole layer.

Differently from what was observed with the thermoplastic polymers, in the case
of the thermosetting elastomers, the SWCNT layer deposited on the film surface is not
soaked by the polymer because of the very high polymer viscosity, which does not decrease
significantly during the heating phase of the fabrication. The superficial layer is then easily
and almost completely removed by the mechanical brushing. However, both the SEM
images and Raman 3D maps show that the nanotubes penetrate deeply (between 70 and
100 µm) into the elastomeric substrates.

This different behavior might be ascribed to the lack of a semi-crystalline phase in
strongly cross-linked elastomers. The consequent disordered structure and the density fluc-
tuations, typical of the investigated thermosetting polymers, allow the easier penetration
of nanotubes into the polymer structure, even if their viscosity is much higher than for
thermoplastic polymers. On the other hand, the lower viscosity of thermoplastics may let
these polymer chains drift, by capillary forces, into the layer of the deposited nanotube
bundles; these become soaked and stabilized by such a “glueing” effect, which cannot
occur in thermosetting elastomers.

The electrical characteristics of the polymers chosen as representative of the two
classes (LDPE and PDMS) are strongly dependent on the discussed grafting mechanisms.
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The thick layer of the nanotube bundles remaining at the surface of the thermoplastic
substrates yields a low electrical resistance, but given the poor elastic behavior of the
thermoplastic substrate, it tends to crack at relatively low strains (<20%), thus rapidly
and almost irreversibly increasing the conductor resistance. On the other hand, the more
uniform dispersion of CNTs into elastomeric substrates causes a higher overall resistivity of
the composite. As already noted, while for both types of polymer substrates the electrical
behavior reported in Figure 4 seems driven by the corresponding mechanical behavior,
the hysteresis is much larger for the thermoplastic substrate, both in stress and in resistance,
most likely because of the slower relaxation of the LDPE polymeric chains with respect to
the more cross-linked chains of the elastomeric substrate.

It is however interesting to observe in Figure 4 that the initial relaxation of the elas-
tomer, unlike that of the thermoplastic LDPE, leads to a drop in the resistance. This behavior
may be related to an increase in the alignment of the CNT bundles driven by the extension
of the film, which brings a larger number of CNTs in contact with each other.

Both types of the investigated self-grafted composite types display resistivities in
easily accessible ranges. As an example, the resistances of typical conductive tracks, 5 mm
wide and 25 mm long, range from a few hundred Ω for thermoplastic substrates to a
few MΩ for highly stretched (200–300%) elastomers, where the sensitivity is somewhat
higher, reaching values of the gauge factor ∆R/R0 of the order of 5–10. Such a figure is
still a factor 102 lower than what is reported in the recent literature [8,9], thus limiting
their application in the strain sensors field. However, two further needs, in the technology
of stretchable conductive composites, are versatility and the ease of engineering [25],
characteristics associated with the samples here described. The self-grafting method and
the high conductance and elasticity of the as-grown bundled SWCNT ink make the design
and development of a variety of different devices extremely easy and inexpensive. The
further detailed electromechanical characterization of the investigated self-assembled
composites is significant in light of the possible application in several fields all requiring
elastic, stretchable and moldable electrical conductors. It is foreseeable that the conductive
properties of different types of polymers could be exploited in peculiar environments,
such as strongly vibrating systems, or in sensing devices. Moreover, although the systems
could be used in individual microsystems, a scale-up toward the mass production of more
complex devices is feasible by transferring the nanotube ”ink" from stamps rather than
drop casting it onto stencils. Some type of particular CNT-polymer electrode arrays for
electro-corticographic recordings have already proved to be very successful due to the
excellent biocompatibility of polyethylene films and the adaptation of the arrays to the
brain shape, and we envisage many other sensing and charge transfer application fields.

5. Conclusions

The interfaces of self-assembled SWCNT/polymer composite regions on polymeric
films, both on the surface and in the bulk, have been investigated by several non-destructive
techniques.

We have shown that the different grafting behaviors, and the consequent electro-
mechanical responses, follow from the different nature of the polymer (i.e., thermoplastic
or thermosetting), possibly because of both the cross-linking of the chains and from the
presence or absence of a crystalline phase.

Such differences have important consequences on the electrical behavior of the stretch-
able conductors. The thick CNT layer, self-grafted on thermoplastic materials, yields a
higher conductivity but also a non-constant conductance as a function of the strain, which
drops very steeply above a strain of approximately 0.10–0.15, causing the permanent dis-
connection of the CNT bundles’ structures. This is reflected on the high hysteresis on
the resistance–strain plot. This limits the application of this type of composite to low-
strain devices.
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On the other hand, elastomer-based CNT composites have a resistivity about two
orders of magnitude higher and penetrate much more deeply into the polymer bulk.
These conductors have a more linear behavior of the resistance–strain plot and can be
stretched up to three times the original length, returning to the original resistance value
with minimal hysteresis. They are thus more suitable for high-strain, heavy-duty devices.
Our experimental investigation has thus provided new information on the penetration
depth and surface grafting of an SWCNT on different kinds of polymers, together with a
better understanding of how the macroscopic mechanical and electrical behavior depend
on such grafting mechanisms.

These new findings will contribute to developing more and better performing
CNT/polymer composites to improve our stretchable and moldable conductive devices
and to associate them to the most appropriate application fields, particularly in the
biomedical area, for example, in the technologies associated with prosthetics.

Further studies focused on a more thorough comprehension of the complex micro-
scopic processes of grafting of a CNT on polymeric substrates are currently in progress.
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Appendix A

Appendix A.1

Figure A1. SEM image of SWCNT/LDPE composite sections at low angle of incidence: the compact
layer of deposited nanotubes soaked and capped by the polymer is visible along the fracture line.

Appendix A.2

As shown in Figure A2, common features in the Raman spectra of all the polymers
investigated are the C-H Raman stretching modes around 2850–2950 cm−1, their proportion
and intensity however being different for different polymers. CNTs do not contribute to
any peak in the indicated region, which has thus been chosen to characterize the samples.
The region of peaks highlighted in green in Figure A2 allowed to identify the contribution
from the polymers in the Raman maps reported in the Results section. Conversely, in the
region related to the Raman G-band, around 1580–1600 cm−1, the Raman spectra of the
polymers do not exhibit any characteristic peak and, in fact, this region (highlighted in red)
was used to identify the contribution from the CNTs in the maps.

Figure A2. Raman spectra of the composites, highlighting the two different regions selected to identify
the contributions from SWCNT and the polymer. The region related to SWCNT at 1580–1600 cm−1,
around the carbon nanotubes Raman G-band, is highlighted in red, while for the polymers, the
region of the C-H Raman stretching modes (around 2850–2950 cm−1), highlighted in green, has
been selected.
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Abstract: Detection of sub-ppm acetic acid (CH3COOH) is in demand for environmental gas moni-
toring. In this article, we propose a CH3COOH gas sensor based on Sn3O4 and reduced graphene
oxide (RGO), where the assembly of Sn3O4-RGO nanocomposites is dependent on the synthesis
method. Three nanocomposites prepared by three different synthesis methods are investigated. The
optimum assembly is by hydrothermal reactions of Sn4+ salts and pre-reduced RGO (designated as RS
nanocomposite). Raman spectra verified the fingerprint of RGO in the synthesized RS nanocomposite.
The Sn3O4 planes of (111), (210), (130), (132) are observed from the X-ray diffractogram, and its
average crystallite size is 3.94 nm. X-ray photoelectron spectroscopy on Sn3d and O1s spectra confirm
the stoichiometry of Sn3O4 with Sn:O ratio = 0.76. Sn3O4-RGO-RS exhibits the highest response of
74% and 4% at 2 and 0.3 ppm, respectively. The sensitivity within sub-ppm CH3COOH is 64%/ppm.
Its superior sensing performance is owing to the embedded and uniformly wrapped Sn3O4 nanoparti-
cles on RGO sheets. This allows a massive relative change in electron concentration at the Sn3O4-RGO
heterojunction during the on/off exposure of CH3COOH. Additionally, the operation is performed at
room temperature, possesses good repeatability, and consumes only ~4 µW, and is a step closer to the
development of a commercial CH3COOH sensor.

Keywords: Sn3O4 nanoparticles; reduced graphene oxide; heterojunction; CH3COOH

1. Introduction

Various sensors for detecting and monitoring toxic and harmful gases including
volatile organic compounds (VOCs) have been studied to satisfy the regulation of the
environmental and gases industry standards. Several significant methods have been used
so far to monitor VOCs and other toxic gases including electrochemical sensors [1], acoustic
sensors [2], optical sensors [3], and colorimetric sensors [4]. Acetic acid (CH3COOH), which
is one of the most corrosive and highly irritating VOCs, is broadly used in food, plastic,
pharmaceutical, and most manufacturing industries [5,6]. There can be many potential
health issues including eye and skin irritation, body swelling, particularly the nose, tongue,
throat, etc., and respiratory illnesses from prolonged exposure to high concentrations of
CH3COOH. According to guidelines from China and the USA, the maximum allowable
concentrations of acetic acid vapor in the workplace are 7.5 ppm (GBZ 2-2002) and 9.3 ppm
(D3620-04), respectively [7]. Therefore, developing an ultrasensitive, low limit of detection,
low energy consumption, and reliable acetic acid gas sensor is highly desirable for air
monitoring in modern industries and workplaces.

Compared to conventional CH3COOH detection analysis such as gas chromatogra-
phy and mass spectrometry, chemiresistive metal oxide gas sensors are more suitable for
real-time analysis because of their advantages including compact size, easy production,
and simple measuring electronics [8–11]. SnO2, ZnO, and TiO are the most common metal

Molecules 2022, 27, 8707. https://doi.org/10.3390/molecules27248707 https://www.mdpi.com/journal/molecules42



Molecules 2022, 27, 8707

oxide materials which have been extensively used for detecting various kinds of gases
due to their high sensitivities, low costs, simple fabrications, and long-term stabilities.
In addition to SnO2 [12–15], other tin oxides with other oxygen stoichiometries such as
SnO [16–18], Sn2O3 [19], Sn3O4 [20–22], and Sn5O6 [23], have been widely investigated.
Among them, Sn3O4, which has a band gap of ~2.9 eV, has attracted significant attention
owing to its unique sensing properties. However, these single-material-based gas sensors
typically need to be operated at high temperatures to obtain a desirable sensing response,
which leads to considerably high power consumption, a scarce lifetime, and poor selectivity
of the device [24,25]. Undeniably, there is also a recent work that reported on the successful
operation at room temperature of a triethylamine (TEA) gas sensor based on porous SnO2
films with rich oxygen vacancies [26].

To overcome the above-mentioned drawbacks, the heterostructure that is constructed
by incorporating metal oxide semiconductor (MOS) materials with innovative graphene-
based materials [27–30] can be a valid alternative. Graphene and its derivatives, especially
reduced graphene oxide (RGO) possess several promising features, including a large
specific surface area for better adsorption, thermoelectric conductivity, and high carrier
mobility at room temperature [31,32]. Generally, RGO under ambient conditions exhibits
p-type behavior due to its electron-withdrawing nature, and if the incorporated metal oxide
behaves as an n-type semiconductor, the formation of p-n heterostructures may be realized.
The p-n heterostructures can modulate the electronic and chemical properties via surface
charge transfer and chemical bonding, thus improving the gas sensing performance.

Numerous studies have been conducted to improve the gas sensing characteristics
through the formation of metal oxide-RGO nanocomposites including CuO-RGO [33],
SnO2-RGO [34,35], ZnO-RGO [36], TiO2-RGO [37], and many more. Although the accurate
analysis of all the effective parameters is still not clear, the major factors that influence
the sensing performance are the assembly of metal oxide nanoparticles with RGO, de-
oxygenation, and the number of active sites, i.e., oxygen vacancies, Ov and chemisorbed
oxygen, Oc available for capturing targeted analytes [38]. From previous work, different mi-
crostructures are observed from the family of tin oxide-RGO composites that are prepared
by various synthesis techniques, thus leading to different sensing performances [39,40].
To date, only a few studies on metal oxide-RGO-based CH3COOH sensors have been
reported [41,42]. Therefore, we proposed a highly sensitive sub-ppm CH3COOH sensor
based on Sn3O4-RGO nanocomposite operating at room temperature.

In this work, we investigate the effect of hydrothermal synthesis conditions on the
material microstructures and their sensing performances to CH3COOH. An exhaustive
study on three types of Sn3O4-RGO sensing materials that were prepared via (i) hy-
drothermal reactions of Sn4+ salts and pre-reduced RGO (designated as RS nanocomposite)
(ii) one-step hydrothermal synthesis from Sn4+ and GO (designated as OS nanocompos-
ite), (iii) Sn3O4 nanoparticles cast onto RGO nanosheet (designated as CO nanocomposite)
to validate the effects of synthesis condition on microstructure and other sensing properties.

2. Materials and Methods
2.1. Materials

The reagents used to synthesize the Sn3O4-RGO nanocomposites include a commercial
(4 mg/mL) graphene oxide, GO (dispersion in H2O), and SnCl4·5H2O (99%) purchased
from Sigma Aldrich. Both were used as received, without any further purification.

2.1.1. Preparation of One-Step Sn3O4-RGO Nanocomposite (OS Nanocomposite)

Figure 1a shows the typical one-pot Sn3O4-RGO nanocomposite that was synthesized
via the facile hydrothermal method. A total of 187.5 µL of (GO) from the bottle and 24 mg
of SnCl4·5H2O were dissolved in 20 mL of deionized water under magnetic stirring for 1 h
to achieve homogenous dispersion. Subsequently, the dispersion was transferred into a
50 mL Teflon-lined stainless-steel autoclave and was heated in the oven at a temperature of
180 ◦C for 12 h. After cooling down to room temperature, the solution was centrifuged at
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4000 rpm for 15 min. At last, the OS nanocomposite was obtained by washing three times
with deionized water and one time with ethanol.
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Figure 1. Schematic illustration of the preparation of three Sn3O4-RGO nanocomposites, (a) OS
nanocomposite (b) CO nanocomposite, (c) RS nanocomposite with different synthesis conditions.

2.1.2. Preparation of Cast-On Sn3O4-RGO Nanocomposite (CO Nanocomposite)

CO nanocomposite was obtained by assembling Sn3O4 nanoparticles into GO nanosheets
through hydrothermal treatment as shown in Figure 1b. Firstly, 24 mg of SnCl4·5H2O
was dissolved into 20 mL of deionized water with constant magnetic stirring for 1 h.
The solution was poured into a 50 mL Teflon-lined stainless-steel autoclave and then heated
in the oven at a temperature of 180 ◦C for 12 h. The resulting Sn3O4 nanoparticles were ob-
tained by centrifuge washing four times using deionized water and ethanol. The resulting
Sn3O4 NPs were poured into 20 mL of deionized water together with
187.5 µL GO and then stirred again for another 1 h. At last, the mixture underwent
the same hydrothermal process (180 ◦C for 12 h) and was washed four times with water
and ethanol subsequently to achieve the CO nanocomposite.

2.1.3. Preparation of Pre-Reduced Sn3O4-RGO Nanocomposite (RS Nanocomposite)

To achieve RS nanocomposite, a two-step hydrothermal treatment is needed, starting
with the thermal reduction of GO as shown in Figure 1c. At first, 187.5 µL of GO was
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dispersed into 20 mL of deionized water under vigorous stirring for 1 h. Then the mixture
was poured into a 50 mL Teflon-lined stainless-steel autoclave for hydrothermal reduction
treatment (180 ◦C for 12 h). The pre-reduced RGO dispersion in deionized water was
obtained. Then 24 mg of SnCl4·5H2O was added to the RGO solution and continued
by the same process, i.e., stirring for 1 h and heating at 180 ◦C for 12 h. Finally, the RS
nanocomposite was collected by washing it four times with water and ethanol.

2.2. Material Characterization

The crystal structure and phase composition of each as-prepared sample were evalu-
ated by the X-ray diffraction (XRD) system (PANalytical Empyrean diffractometer with Cu
Kα radiation: λ = 1.5418 Å). The oscillation modes of each composite were investigated
using 473 nm laser Raman spectroscopy (NTEGRA Spectra MT-MDT). The microstructure
and morphology of Sn3O4-RGO nanocomposites were inspected by transmission electron
microscope (TEM) with an accelerating voltage of 120 kV (Talos, L120C from Thermo Fisher
Scientific, Eindhoven, The Netherlands). The composition of S, O, and C were analyzed by
X-ray photoemission spectroscopy (XPS) system (NEXSA G2 from Thermo Fisher Scientific)
using a monochromated Al Kα source (voltage source: 12 kV, beam size: 100 µm, pass
energy survey scan: 200 eV, pass energy narrow scan: 100 eV).

2.3. Sensor Fabrication and Measurement Set-Up

The gas sensor was established by dropping 5 µL aqueous dispersion of different
sensing materials prepared previously on a 1 × 1 cm2 Si/SiO2 substrate where interdigi-
tated electrodes (IDE) were fabricated on it. The Pt/Ti (100/10 nm) IDE geometry consists
of 3 pairs of finger electrodes and each electrode has a width and length of 0.1 mm and
2 mm, respectively. The interfinger spacing between electrodes is 0.2 mm. This test struc-
ture was constructed using lithography, metallization, and a standard lift-off process. Thus,
the coverage of the sensing area was ~6 mm2. The prepared gas sensing devices were
dried overnight in the desiccator. Figure 2 shows a schematic of the measurement setup
that was used to investigate the sensing performance of the three different composites
towards CH3COOH. In an enclosed chamber, the sensor was placed on the heater stage
and controlled by Nextron Temperature Controller. The temperature was set at room tem-
perature. The flow rates of compressed dry air (CDA) and CH3COOH were controlled by
mass flow controllers of the humidifier system (Cellkraft P-10). The relative humidity was
set constant at 5 ± 1% using a closed-loop control system. The testing was performed by
applying a direct voltage of 2 V and monitoring changes in the electrical resistance (using
source measuring unit Keithley 2410). The sensor response, Rs is quantified by changes in
resistance upon exposure to CH3COOH analytes and air (CDA in this case) as shown in
Equation (1).

Rs = [(Rg − Ra)/Ra]× 100% (1)

where Rg is the resistance in the presence of CH3COOH gas and Ra is the gas sensor’s
electrical resistance at rest when exposed to CDA. In the meantime, the response time is
described as the time needed for the CH3COOH sensor to respond at 90% of its saturated
level and the recovery time is the amount of time required to recover 10% from its initial
value when exposed to the air. The sensitivity (unit = %/ppm) of the Sn3O4-RGO sensor
is calculated from the change of Rs for the varied concentration of acetic acid. To be fair,
we set the durations of the on/off flow of acetic acid as constant for all measurements.
To record the response and recovery speed, we started to record the measurement as soon
as CDA was introduced in the chamber. After 90 s, CDA was automatically shut off and
CH3COOH was released in the chamber immediately.
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3. Results and Discussion
3.1. Sn3O4-RGO Nanocomposites Formation Mechanism

We chose the hydrothermal method to synthesize Sn3O4-RGO-based composites as
their advantages inhomogeneous distribution and versatile interfacial decorations between
RGO and metal oxide. Three kinds of Sn3O4-RGO-based nanocomposites were made by
changing the preparation condition via a hydrothermal method using GO and SnCl4.5H2O
as precursors. During the synthesis process, there are several reactions that were carried out
under the hydrothermal temperature and pressure in the autoclave i.e., (i) the adsorption
of Sn4+ by GO or RGO, (ii) the reduction of GO into RGO, and (iii) Sn4+ decomposing
into Sn3O4 nanocrystals. The formation chemistry of the Sn3O4-RGO nanocomposites is
explained as follows:

SnCl4 · 5H2O→ Sn4+ + Cl− + 5H+ + 5OH− (2)

Sn4+ + 4OH− → Sn(OH)4 (3)

3[Sn(OH) 4]→ Sn3O4 + 6H2O + O2 (4)

Although maintaining the volume of GO and SnCl4·5H2O, the amount of Sn3O4
nanostructures, RGO obtained, and also the nanocomposite interfaces may be different due
to the tuning of synthesis methods.

3.2. Structural and Morphological Analysis

Figure 3 depicts the XRD patterns ranging from 20◦ to 60◦ of all three nanocomposites.
Notably, all as-prepared nanocomposites show three strong diffraction peaks at 2θ of 26.41◦,
33.82◦, and 51.73◦ which are attributed to (111), (210), (130), and (132) planes of triclinic
Sn3O4 structure (JCPDS Card No 16-0737) [43], indicating the successful formation of the
single crystal Sn3O4 particles in this work. The full width at half maximum (FWHM)
of all peaks is broad, revealing a nanoscale size of Sn3O4. The crystallite sizes can be
determined by the Debye–Sherrer formula as follows; D = 0.89λ/βcos θ, where D is the
average crystallite size diameter, λ (Cu Kα) is 0.154 Å, and β is the FWHM of the diffraction
curves. The calculated average crystallite size values are 3.91, 3.38, and 3.94 nm for OS,
CO, and RS nanocomposites, respectively. The relatively small Sn3O4 crystallite size of the
CO nanocomposites is because Sn3O4 particles underwent two times the hydrothermal
treatment as compared to the other method. Thus, the observed XRD results confirm the
formation of nanosized Sn3O4-RGO nanocomposites. There is no peak observed for the
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RGO, which implies that the formation of the RGO plane maybe not be in perfect stacking
and needs to be confirmed by Raman analysis.

Molecules 2022, 27, x FOR PEER REVIEW 6 of 16 
 

 

4 shows the Raman spectra of all three OS, CO, and RS nanocomposites. It can be deduced 
that all samples exhibit two major peaks at ~1300 cm−1 and ~1600 cm−1, corresponding to 
the characteristic D-band (ID) and G-band (IG), respectively. The ID is related to structural 
defects and partially disordered structure, and the IG refers to the vibration of sp2-bonded 
carbon atoms. The intensity ratio of the D and G bands (ID/IG) not only gives information 
about in-plane crystallite size, La, but also indicates the overall degree of disorder within 
the graphitic carbon [44]. The average value of the ID/IG ratio and La for all three nanocom-
posites are 1.07 and 2.93 nm singly. This condition indicates a high disorder of carbon sp2 
atoms leading to high deoxygenation that concludes that GO is successfully reduced by 
hydrothermal preparation. It is also understood that the rich defects of OS nanocomposite 
are possibly due to an increase in vacancies, grain boundaries, and amorphous carbon 
species, as well as the insertion of Sn3O4 nanoparticles into RGO sheets [45]. This Raman 
scattering analysis demonstrates the existence of RGO in all three Sn3O4-RGO nanocom-
posites. 

 
Figure 3. XRD diffractogram of OS, CO, and RS nanocomposites. 

  

Figure 3. XRD diffractogram of OS, CO, and RS nanocomposites.

The three as-prepared samples were then further characterized by the Raman tech-
nique as it is a useful method to characterize the structure of RGO-based materials. Figure 4
shows the Raman spectra of all three OS, CO, and RS nanocomposites. It can be deduced
that all samples exhibit two major peaks at ~1300 cm−1 and ~1600 cm−1, corresponding to
the characteristic D-band (ID) and G-band (IG), respectively. The ID is related to structural
defects and partially disordered structure, and the IG refers to the vibration of sp2-bonded
carbon atoms. The intensity ratio of the D and G bands (ID/IG) not only gives information
about in-plane crystallite size, La, but also indicates the overall degree of disorder within
the graphitic carbon [44]. The average value of the ID/IG ratio and La for all three nanocom-
posites are 1.07 and 2.93 nm singly. This condition indicates a high disorder of carbon sp2

atoms leading to high deoxygenation that concludes that GO is successfully reduced by hy-
drothermal preparation. It is also understood that the rich defects of OS nanocomposite are
possibly due to an increase in vacancies, grain boundaries, and amorphous carbon species,
as well as the insertion of Sn3O4 nanoparticles into RGO sheets [45]. This Raman scattering
analysis demonstrates the existence of RGO in all three Sn3O4-RGO nanocomposites.
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The morphology and surface nature of the as-prepared nanocomposites was char-
acterized by TEM. Figure 5 depicts low-, medium-, and high-magnification TEM images
and histograms of the three nanocomposites. From low-magnification TEM images, it
can be seen that a huge amount of spherical Sn3O4 nanoparticles were formed on mas-
sive wrinkled RGO sheets. Most Sn3O4 nanoparticles were uniformly dispersed onto
RGO sheets but only a small amount of them aggregate at the edge of OS nanocomposite
(Figure 5a). Likewise, in the RS nanocomposite, Sn3O4 nanoparticles are evenly and densely
distributed, only some Sn3O4 nanoparticles agglomerate at different spots on RGO sheets
(Figure 5j). Meanwhile, a large amount of Sn3O4 nanoparticles aggregated on RGO sheets
and we also observed the absence of Sn3O4 nanoparticles on the edge of CO nanocompos-
ites (Figure 5e). From medium magnification, it is confirmed that there is good dispersity
of Sn3O4 nanoparticles on the RGO sheet for OS and RS nanocomposites (Figure 5b,j).
Meanwhile, for CO nanocomposites, it is confirmed there is an island of aggregated Sn3O4
nanoparticles isolated on the edge of some spare place on RGO as shown in Figure 5f.
These conditions suggest that OS and RS are the best preparation method for Sn3O4-RGO
nanocomposites as Sn3O4 nanoparticles prefer to grow all over the surface of GO and RGO
by pre-adsorbing Sn4+ during the hydrothermal synthesis process. High-magnification
TEM images as shown in Figure 5c,g,k indicate a clear image of Sn3O4 nanoparticles with
non-uniform size distribution loading on the surface of RGO sheets. From histogram distri-
bution (Figure 5d,h,l) the average particle sizes of Sn3O4 of OS, CO, and RS nanocomposites
are 1.81, 1.77, and 1.75 nm, respectively. Thus, they are indicating that single crystal Sn3O4
is forming clusters of polycrystalline Sn3O4 nanoparticles.
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XPS characterization was examined to investigate elements, surface chemistry, and electronic
structure of Sn3O4-RGO nanocomposites. The survey spectra in Figure 6a indicate the
peaks of Sn4d, Sn3d, Sn3p, O1s, and C1s that are observed in the region of 0–1200 eV. Thus,
it confirms the presence of three elements of Sn, O, and C in all three nanocomposites.
The peaks of Sn and O are much higher than the peak of C, implying the formation of a
large amount of Sn3O4 nanoparticles. The components of all these elements are tabulated
in Table 1. It is found that the ratio of tin and oxygen in these three nanocomposites is
around 0.75, revealing the formation of Sn3O4 nanoparticles. The ratio of Sn3O4:RGO for
samples OS, CO, and RS are 2.07, 4.62, and 3.60, respectively. These match with the TEM
images in Figure 5, where high values of Sn3O4:RGO from samples CO and RS are due
to the dispersion of Sn3O4 nanoparticles agglomerated onto the RGO sheet. Figure 6b
displays the Sn3d spectrum of all three nanocomposites. It is obviously seen that two
strong peaks at 487.3 eV and 495.7 eV attribute to the spin–orbit coupling of Sn3d5/2 and
Sn3d3/2, respectively.
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Figure 6. The (a) XPS spectra, (b) Sn3d XPS spectra, (c) C1s XPS spectra, and (d) O1s XPS spectra of
OS, CO, and RS nanocomposites.

Meanwhile, Figure 6c shows the deconvoluted peaks of the C1s spectrum which ex-
hibits three types of the carbon-associated group including C-C (~284.6 eV), C-O (~285.6 eV),
and C=O (~289.2 eV). The components of these band groups are presented in Table 2. No-
tably, the relative percentage of the C-C band is much higher than that of the C-O and C=O
group in both RS and CO nanocomposites, indicating the successful reduction of GO by the
hydrothermal process. It can be concluded the reduction degree of RGO in RS nanocom-
posite is the strongest because the RGO underwent hydrothermal treatment two times.
Figure 6d represents the wide and asymmetric feature of O1s which can be divided into
four peaks, revealing the presence of four types of O-related species including the Sn-O-Sn
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lattice O atoms in triclinic Sn3O4 (OL), oxygen vacancies (Ov), chemisorbed oxygen-related
species such as hydroxyl groups (Oc), and the C=O band at the binding energies of ~530.8,
~531.2, ~531.7, and ~532.6 eV, respectively. As can be seen from summarized data in
Table 3, the atomic percentages of Oc and Ov are considerably high for both RS (Oc = 17.0%,
Ov = 16.85%) and CO (Oc = 17.41%, Ov = 18.06%) nanocomposite, which is deemed to en-
hance the gas sensing response to CH3COOH. All these observations reveal the successful
formation of all three Sn3O4-RGO nanocomposites synthesized hydrothermally by three
different conditions.

Table 1. The fitting results of the content and content ratio of each atom for OS, CO, and RS
nanocomposites.

Samples Sn
(At.%)

C
(At.%)

O
(At.%)

O*
(At.%)

O**
(At.%)

Sn:O**
[Sn3O4]

C:O*
[RGO]

Ratio
Sn3O4:RGO

OS nanocomposite 29.15 19.58 51.27 12.95 38.32 0.76 1.51 2.07
CO nanocomposite 36.1 4.72 59.19 13.07 46.12 0.78 0.36 4.62
RS nanocomposite 33.89 8.88 57.23 12.85 44.38 0.76 0.70 3.60

O* = O atom in RGO (At.%). O** = O in Sn3O4 (At.%).

Table 2. The fitting results of C1s XPS spectrum of OS, CO, and RS nanocomposites.

Samples Carbon
Bonding

Binding Energy
(eV) At. (%) Relative

Percentage (%)

OS
nanocomposite

C-C 284.6 5.35 27.33
C-O 285.2 6.67 34.05
C=O 287.8 7.55 38.60

CO
nanocomposite

C-C 284.6 1.68 34.93
C-O 285.5 1.57 33.25
C=O 289.2 1.50 31.81

RS
nanocomposite

C-C 284.6 3.69 41.61
C-O 285.6 2.18 24.62
C=O 289.1 2.99 33.76

Table 3. The fitting results of O1s XPS spectrum of OS, CO, and RS nanocomposites.

Samples Oxygen Species Binding Energy
(eV) At (%) Relative

Percentage (%)

OS
nanocomposite

OL (Sn-O) 530.8 8.85 17.26
Ov (vacancy) 531.3 14.58 28.44

Oc (chemisorbed) 531.8 14.87 29.01
C=O 532.6 12.96 25.27

CO
nanocomposite

OL (Sn-O) 530.7 10.65 17.99
Ov (vacancy) 531.2 17.41 29.41

Oc (chemisorbed) 531.7 18.06 30.51
C=O 532.4 13.07 22.07

RS
nanocomposite

OL (Sn-O) 530.7 10.52 18.38
Ov (vacancy) 531.2 16.85 29.45

Oc (chemisorbed) 531.7 17.0 29.70
C=O 532.4 12.85 22.46

3.3. Sensing Response

The sensing properties of the as-prepared nanocomposites sensor were tested for
different sub-ppm concentrations of CH3COOH gas. The gas concentration varied from 0.3
to 6 ppm and the testing was carried out under room temperature at normal atmospheric
pressure. Before the gas testing, the current–voltage characteristics of all Sn3O4-RGO-based
sensors were measured by SMU Keithley 2410. As can be seen in Figure 7a, all three devices
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showed linear I–V characteristics over the voltage range from 0 to 10 V, which indicated
Sn3O4-RGO is typical of ohmic electrical contact with electrodes. The corresponding initial
resistance and operating power values of devices with CO, OS, and RS sensing materials
are 1.24 MΩ, 19.23 kΩ, and 79.5 MΩ, and 3.24 µW, 0.2 mW, and 0.81 µW, respectively.
During the sensing, the average power consumption increased to an average of 3.6 µW,
0.25 mW, and 3.9 µW, respectively. Plots for resistance for each device can be found in the
Supplementary File. The high conductivity of the CO device is due to enormous Sn3O4
nanoparticles which were also confirmed by XPS analysis (Table 1) that could possibly
behave similar to metallic wires on RGO sheets.
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Figure 7. (a) I–V characteristic curve, (b,c) the response and recovery time of the Sn3O4-RGO-based
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Figure 7b,c illustrates the response and recovery curves over time for each CH3COOH
concentration. The response and recovery time are defined by the time taken by a sensor
to achieve 90% of the total resistance change. From the response curve, it can be clearly
observed that generally, all three devices showed faster response with increasing concen-
tration, although at a low concentration of below 1 ppm all three sensors provide a slow
response rate. This could be attributed to the lower coverage of CH3COOH gas molecules
to react with adsorbed oxygen ions, hence the change in resistance also takes place slowly.
Comparatively, all three sensors could recover to their original condition with a fast re-
covery rate at a low concentration below 1 ppm. A good sensor should have a high value
of response and a fast value for response and recovery time. The Sn3O4-RGO-RS sensor
presents a more remarkable sensing performance as it exhibits a fast response and shorter
recovery time compared to the other two sensors.

Figure 8a–f demonstrates the individual transient response and recovery curves of the
three sensors exposed to various CH3COOH concentrations. Each exposure and recovery
cycle is carried out in a 90 s interval under gas exposure followed by a recovery interval of
90 s under dry air conditions. Each cycle is indicated by the white area in the graph marking
the start and end. Clearly, the corresponding response values of the lowest concentration
0.3 ppm are about 1.4% (tres = 66 s, trec = 41 s) and 0.4% (tres = 46 s, trec = 32 s) detected
by OS nanocomposite and CO nanocomposite, respectively. The fluctuating response in
Sn3O4-RGO-RS (4%) might be due to local carrier annihilations from the recombination of
the electron with hole puddles in RGO. On the other hand, it can be clearly observed that
the response of the RS nanocomposite sensor is much higher than that of the OS and CO
sensors. When the sensor is exposed to the concentrations of 0.5, 1, 2, 4, and 6 ppm, the
corresponding response values are about 25.9%, 52%, 72.3%, 73%, and 73.4% respectively.
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The response curve of Sn3O4–RGO-based gas sensors to various sub-ppm CH3COOH
concentrations was plotted in Figure 9a. Obviously, the response of all three sensors re-
vealed an exponential trend at the beginning and reached saturation at a higher sub-ppm
concentration, making 2 ppm the upper limit of detection. Variation of the response as a
function of concentration is termed sensitivity, S, which is one of the most important criteria
in gas sensing. The RS nanocomposite showed the highest sensitivity of 65.4%/ppm
among the other two, OS nanocomposites (S = 3.03%/ppm) and CO nanocomposite
(S = 0.45%/ppm). Figure 9b depicts the dynamic transient sensing response of Sn3O4-
RGO-RS to 1 ppm CH3COOH. It is unambiguous that the Sn3O4-RGO-RS sensor can
maintain consistent response/recovery characteristics during the four cycles of the test,
demonstrating good repeatability of the device.
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A comparison of previously reported gas sensors based on sensing materials in terms
of their sensing properties toward CH3COOH is summarized in Table 4. In contrast to other
materials, our Sn3O4-RGO-based sensor shows excellent CH3COOH sensing performances,
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including very high response and low limits of detection with acceptable response and
recovery rate. Moreover, it provides an effective and simple method for the development
of a CH3COOH gas sensor with good sensitivity and repeatability at room temperature.

Table 4. Summary of CH3COOH sensors is based on different sensing materials reported in the
literature and this work.

Material Operating
Temp. (oC)

Concentration
(ppm) Response (%) Response

Time, tres (s)
Recovery Time,

trec (s) Ref.

Hierarchical SnO2
nanoflowers 260 100 47.7 18 11 [46]

Porous flower-like SnO2 340 20 5.0 11 6 [47]
Mg-doped ZnO/rGO

composites 250 100 200 60 35 [48]

Pr-doped ZnO
nanofibers 380 400 7.38 51 40 [49]

CdSxSe1−x nanoribbons 200 100 5.7 80 50 [50]
Mesoporous CuO 200 10 5.6 79 53 [51]

MgGa2O4/graphene
composites RT 100 363 50 35 [39]

4HQ-rGO/Cu composite RT 500 1.75 5 5 [40]
Sn3O4-RGO-RS
nanocomposite RT 2 74 15 36 This work

Sn3O4-RGO-RS
nanocomposite RT 0.3 4 25 11 This work

RT = Room temperature.

3.4. Sensing Mechanism

The above results demonstrated the high-performance CH3COOH sensing prop-
erties of the Sn3O4-RGO sensor. As we know, Sn3O4 is an n-type semiconductor [41]
and RGO nanosheets synthesized using chemical or low thermal treatments exhibit p-
type semiconductor characteristics [52]. We proposed two possible sensing mechanisms:
(i) the adsorption–desorption pathway on the surface of Sn3O4 nanoparticles, and (ii) the
formation of Sn3O4-RGO heterojunction. Figure 10a illustrates a schematic of the boundary
barrier model of Sn3O4 grains. When the CH3COOH sensor is exposed to clean air, the
oxygen molecules in the atmosphere are adsorbed onto the surface of the Sn3O4 and then
capture free conduction electrons creating oxygen anions (O−, O2

−) on the surface of the
material. This process forms a depletion layer (DL), reduces carrier concentration at the
junction, and therefore, displays a high resistance reading. When the sensor is exposed
to the targeted gas, the CH3COOH molecules desorb, or remove the oxygen anions, from
the material’s surface. As a result, tremendous free electrons are released back into the
conduction band of Sn3O4, thereby narrowing the electron depletion layer 1 (DL1) and
reducing the resistance value.
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On another note, based on the TEM image (Figure 5e), most of the Sn3O4 nanoparticles
are not uniformly distributed on the RGO, and prefer to clump and overlap each other,
which is also confirmed by the XPS data where there is an abundant Ov and Oc observed in
the CO nanocomposite. However, due to their tendency to clump together, the absorption
surface becomes smaller than it should be. This could be the reason for poor contact between
RGO and Sn3O4 nanoparticles, leading to its poor sensing performances compared to the
other two nanocomposites. The possible interaction involved in CH3COOH gas sensing is
as follows [45]:

O2 (gas) + 2e− → 2O− (ads) (5)

CH3COOH (ads) + 4O− (ads)→ 2CO2 + 2H2O + 4e− (6)

Figure 10b reveals another underlying mechanism for the Sn3O4-RGO sensor as it
introduces a heterojunction between Sn3O4 and RGO. Generally, when the sensor is exposed
to the air, three types of electron DL could possibly be formed. DL1 formed on the surface
of Sn3O4 nanoparticles owing to the adsorbed oxygen ions. Meanwhile, the formation of
DL2 is by the electrons and transfers from the surface of Sn3O4 to the RGO during the
formation of heterojunctions. By the third electron depletion, DL3 appears in the area
where Sn3O4 is embedded in RGO nanosheets and forms the heterojunctions. All these
electron depletion layers prevent the migration of electrons, resulting in a high-resistance
state of the nanocomposites. When CH3COOH gas is introduced, the width of all these
three DLs will undergo different changes. The trapped electrons in the DL1 will be released
back to the Sn3O4, decreasing the width of the DL1. DL2 and DL3 are supposed to be
narrowed because the reducing CH3COOH gas molecules may be adsorbed on the surface
of RGO and donate the electrons to the RGO lattice, leading to a reduced efficacy of the
junction barrier. The Sn3O4-RGO-RS nanocomposite exhibited superior sensing properties
mainly attributed to its spherical 3D nanostructure and its formation on the RGO sheet.
Compared with the other two CO and OS nanocomposites, this sensing film has more
embedded and uniformly wrapped Sn3O4 nanoparticles on RGO sheets (DL2 and DL3
condition), which is also confirmed by TEM images (Figure 5k) As a result, the magnitude
of thermionic emission current is increased during CH3COOH exposure due to massive
relative change in electron concentration.

4. Conclusions

In summary, three Sn3O4-RGO nanocomposites were successfully synthesized via
three different facile assembly methods. A comparative analysis of nanocomposite assem-
bly was carried out to investigate their performance on CH3COOH sensing properties.
The Sn3O4-RGO-RS nanocomposite showed a higher response and sensitivity, faster re-
sponse, and faster recovery behavior to CH3COOH compared with another two nanocom-
posites. The experimental data confirm a clear correlation between surface structures
of Sn3O4 and distribution of Sn3O4 on RGO nanosheets, which influenced their sensing
behavior towards CH3COOH. The present study provides an effective approach that could
speed up the development of highly sensitive room temperature CH3COOH sensors.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules27248707/s1, Figure S1: Resistance changes
measured in the 0.3–6 ppm range of CH3COOH exposure under (a) OS nanocomposite, (b) CO
nanocomposite and (c) RS nanocomposite sensor.
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Abstract: Reflectance anisotropy spectroscopy (RAS) coupled to an electrochemical cell represents a
powerful tool to correlate changes in the surface optical anisotropy to changes in the electrochemical
currents related to electrochemical reactions. The high sensitivity of RAS in the range of the absorption
bands of organic systems, such as porphyrins, allows us to directly correlate the variations of the
optical anisotropy signal to modifications in the solid-state aggregation of the porphyrin molecules.
By combining in situ RAS to electrochemical techniques, we studied the case of vacuum-deposited
porphyrin nanocrystals, which have been recently observed dissolving through electrochemical
oxidation in diluted sulfuric acid. Specifically, we could identify the first stages of the morphological
modifications of the nanocrystals, which we could attribute to the single-electron transfers involved
in the oxidation reaction; in this sense, the simultaneous variation of the optical anisotropy with the
electron transfer acts as a precursor of the dissolution process of porphyrin nanocrystals.

Keywords: reflectance spectroscopy; porphyrin; dissolution; organic crystals; cyclic voltammetry; AFM

1. Introduction

Reflectance anisotropy spectroscopy (RAS) has been widely exploited in the past
in order to investigate the physical–chemical properties of organic systems featuring
different solid phase aggregates and prepared using different growth techniques (Langmuir–
Blodgett and Langmuir–Schaefer methods [1,2], physical vapor deposition [3,4], etc.). More
specifically, RAS offers the possibility of studying systems that exhibit anisotropies (down
to a signal intensity of 10−6 [5]) related to the electronic or morphological characteristics
of the organic layer, even if it is grown onto an isotropic substrate such as graphite [6].
For instance, this optical spectroscopy has been successfully used to characterize complex
3D nanoarchitectures based on porphyrins layers in order to understand the mechanisms
governing their interaction with the environment (i.e., vacuum or vapors), in view of their
implementation in organic-based devices and sensors [7–9]. One of the advantages of
RAS is the versatility of its experimental configuration, which allows the investigation, in
situ, of systems working in different experimental conditions (e.g., UHV, ambient, liquid
and gas) [10]. Among the possible environments, liquid media have drawn increasing
attention in recent decades, given the increasing interest among the scientific community
in the physical processes and chemical/electrochemical reactions occurring specifically
at the solid/liquid interfaces [11,12], with the ultimate goal of reproducing or mimicking
biological systems. In this respect, successful examples of the application of RAS to
inorganic/organic systems studied in an electrochemical cell are the works of Mazine [13],
Smith [14], Goletti [15], Barati [16] and Weightman [17]. These works demonstrate that
changes in the surface optical anisotropies are strongly correlated with changes in the
electrochemical current and that RAS can elucidate details on the atomic and molecular
interactions associated with the electrochemical processes.

In the case of porphyrin layers, many studies have focused on the interface using
acidic solutions. The morphological/optical evolution of porphyrin layers grown on metal
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electrodes has been investigated, for instance, by in situ electrochemical atomic force
microscopy (EC-AFM) [18,19] and diffuse reflectance spectroscopy, and also in operando
conditions, i.e., during the activation of electrochemical processes, typically by using cyclic
voltammetry (CV) [20]. In particular, some of the authors of the present work recently
investigated the particular phenomenon of the dissolution of porphyrin nanocrystals oc-
curring during CVs in acidic solutions [20,21]. There, the possibility of gradually removing
porphyrin layers by continuously sweeping the applied EC potential was observed by in
situ EC-AFM. However, it was not possible to determine the exact onset of that process by
only looking at the morphological evolution of the samples.

In this work, we exploit the coupling between RAS and an EC cell as a powerful tool
to precisely determine the early stage of the dissolution process. In fact, by means of the in
situ monitoring of the optical anisotropy, we can correlate the oxidation of the porphyrin
films to the structural/morphological modifications of the 3D nanocrystals. RAS is used
for the direct identification of the EC potential that instantaneously activates modifications
in the aggregation state of the molecules in the film, operating as a driving force for the
dissolution of the porphyrin nanocrystals.

For this work, a thick layer of porphyrins was vacuum-deposited on a graphite
substrate, resulting in the formation of nanocrystals on the surface. This system is well-
suited to both RAS and electrochemical techniques for two main reasons: (i) porphyrin
nanocrystals in freshly grown samples exhibit a clear anisotropy signal in the Soret-band
spectral region [22,23]; (ii) graphite covered with porphyrins behaves as a good working
electrode for the electrochemical activities, showing well-defined CV curves [18]. We
investigate the oxidation process and the optical/morphological evolution of three types
of films, featuring porphyrins with nominally different molecular symmetries: free-base
tetraphenylporphyrins (H2TPP) [24], zinc tetraphenylporphyrins (ZnTPP) [25,26] and
iron(tetraphenylporphyrinato) chloride [Fe(TPP)Cl] [27]. These molecules differ one from
another in the composition of the inner tetrapyrrolic ring, i.e., due to the presence in the
middle of the ring of, respectively, no metal atom, a Zn atom and a Cl-coordinated Fe
atom, which potentially influence inter-molecular arrangements and layouts of porphyrin
nanocrystals.

2. Results and Discussion

Figure 1 shows the morphology and RAS spectrum of the bare HOPG substrate in air
before the vacuum deposition of porphyrin films.
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Figure 1. RAS spectrum in the 350–525 nm range of the bare HOPG substrate, acquired in air. The
absence of any RAS feature testifies the optical isotropy of HOPG. The AFM image in the inset
shows the topography of the HOPG surface in air condition; the white arrows indicate some steps on
the surface.
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The AFM image shows the typical steps, only a few nm in height, created by the
exfoliation of the HOPG surface [28]. The RAS spectrum was acquired as a reference for
the subsequent measurement of the porphyrin films, and shows a flat isotropic signal,
as expected from the hexagonal symmetry of the HOPG crystal. In the following, we
first discuss those samples with a comparable RAS peak line shape: ZnTPP film and
H2TPP films, the latter with a higher peak intensity. Lastly, we consider a Fe(TPP)Cl film,
characterized by a different RAS signal.

2.1. ZnTPP Film

After the deposition of the ZnTPP film, the morphology of the sample was checked
by AFM in air, before the immersion in the electrolyte. A representative scan is shown in
Figure 2a.
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the sweep of the EC potentials in the CV; time = 0 s corresponds to the starting point of the CV (VEC 
= 0.2 V); spectral points are collected every 5 s. The scale of the y-axis is showed by a vertical bar. 
Arrows and labels indicate the EC potentials reached during the CV. (d) Voltammogram obtained 
during the CV in a 1 mM H2SO4 solution; the potential is swept within the 0.2–1.2 V range, from 
anodic to cathodic regime (see the black arrows); sweep rate = 20 mV/s; step = 1 mV. (e) (5 × 5) µm2 
topographic image of the ZnTPP/HOPG sample, acquired ex situ after the EC treatment in a 1 mM 
H2SO4 solution. 

For the ZnTPP film, we observe regular 3D porphyrin nanocrystals (about 20 nm 
high), with sharp edges and angles of almost 90°, laying on a 2D wetting layer [29]. For 
thick films, the topographic AFM signal gives evidence only of the 3D phase of the sample, 
due to the extension and high density of the nanocrystals, which hide the 2D wetting layer 
on the surface. 

As extensively discussed by the authors in previous works [22,29], the anisotropy of 
this kind of samples is maximized when the direction of graphite exfoliation is aligned 
with the α(β) direction, meaning that ZnTPP nanocrystals are preferentially oriented 
along the graphite steps. A statistical analysis on all the collected AFM images seems to 
further confirm this scenario: the image shown in panel a, for instance, shows the nano-
crystals clearly laying on the graphite terraces, with most of the edges parallel to the steps 
(see the vertical lines indicated by white arrows). 

Figure 2. (a) (5 × 5) µm2 topographic image of a 6 nm thick ZnTPP/HOPG sample; white arrows
points at some steps of the HOPG substrate. The AFM image was acquired ex situ on an as-deposited
sample. (b) RAS spectra in the 350–525 nm range, acquired when the sample is in the EC cell filled
with a 1 mM H2SO4 solution. Spectra acquired before (line + symbol) and after (solid line) the CV are
reported. (c) Real-time RAS monitoring of the Soret-related band intensity (λ = 439 nm) during CV in
a 1 mM H2SO4 solution. The time axis is rescaled to show all the time range covered by the sweep
of the EC potentials in the CV; time = 0 s corresponds to the starting point of the CV (VEC = 0.2 V);
spectral points are collected every 5 s. The scale of the y-axis is showed by a vertical bar. Arrows and
labels indicate the EC potentials reached during the CV. (d) Voltammogram obtained during the CV
in a 1 mM H2SO4 solution; the potential is swept within the 0.2–1.2 V range, from anodic to cathodic
regime (see the black arrows); sweep rate = 20 mV/s; step = 1 mV. (e) (5 × 5) µm2 topographic image
of the ZnTPP/HOPG sample, acquired ex situ after the EC treatment in a 1 mM H2SO4 solution.

For the ZnTPP film, we observe regular 3D porphyrin nanocrystals (about 20 nm high),
with sharp edges and angles of almost 90◦, laying on a 2D wetting layer [29]. For thick
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films, the topographic AFM signal gives evidence only of the 3D phase of the sample, due
to the extension and high density of the nanocrystals, which hide the 2D wetting layer on
the surface.

As extensively discussed by the authors in previous works [22,29], the anisotropy of
this kind of samples is maximized when the direction of graphite exfoliation is aligned
with the α(β) direction, meaning that ZnTPP nanocrystals are preferentially oriented along
the graphite steps. A statistical analysis on all the collected AFM images seems to further
confirm this scenario: the image shown in panel a, for instance, shows the nanocrystals
clearly laying on the graphite terraces, with most of the edges parallel to the steps (see the
vertical lines indicated by white arrows).

Since we are interested in the variation of the anisotropy signal when the sample
undergoes an electrochemical oxidation in sulfuric acid, the RAS signal was measured
on the sample in pristine conditions, as soon as was immersed in the acidic solution and
before running the CV. The initial optical anisotropy of the ZnTPP film is clearly visible
in the RAS signal (labeled as “pre CV”) of Figure 2b, where a main positive RAS peak is
observed, centered at 439 nm (FWHM = 20 nm), with an intensity of about 1.6 × 10−2 with
respect to the zero line.

This anisotropy arises from the molecular packing in the 3D nanocrystals, since
isolated ZnTPP molecules are centrosymmetric, meaning they do not contribute to the
overall anisotropy of the sample [22]. A closer inspection of the RAS signal highlights the
presence of a negative feature placed at about 470 nm. The overall “pre CV” RAS signal,
collected in the Soret-band region, shows the characteristic “derivative-like” shape reported
and discussed in the literature [7]. This particular signal behavior directly arises from the
superposition of different optical contributions, due to the complex stratified structure of
the thin porphyrin films [30,31].

Changes in the RAS signal correlated to chemical processes involving the 3D nanocrys-
tals can be monitored in real-time by following the RAS signal intensity at a fixed wave-
length (namely, the one related to the Soret-band at 439 nm) while running the CV. The
obtained results are reported in Figure 2c,d.

By comparing panels c and d, we observe that the intensity of the anisotropy signal
drastically drops (by about 1

4 of the initial value) as soon as the EC potential approaches the
value of 0.7 V, which corresponds to the onset of the main peak shown in the voltammogram.
This peak indicates the presence of an oxidative process, where ZnTPP molecules form
radical cation species (VEC = 0.8 V) [20], which anticipates the oxygen evolution reaction
(OER) at the sample surface (onset at about VEC = 1.0 V).

Once the VEC = 0.9 V threshold is reached, i.e., after about 25 s from the start of the CV,
the RAS anisotropy signal stabilizes around a mean value of zero until the CV is completed
(final VEC = 0.2 V, see panel c), with an overall variation of about 1 × 10−2 from the initial
value. The disappearance of the optical anisotropy signal from the sample due to the
oxidative process is confirmed by the extended RAS spectrum acquired at the end of the CV,
as shown in Figure 2b (the spectrum labeled as “post CV”). There, the contrast between the
zero signal of the “post CV” spectrum and the sharp peak in the “pre CV” spectrum points
out that the EC treatment makes the ZnTPP film, on the macro-scale, optically isotropic in
the Soret-band region. As discussed above, the variation of the optical anisotropy of the
sample must be related to changes in the morphology or to some removal of the organic
layer. In this case, it is likely related to modifications of the 3D nanocrystals. It was already
demonstrated by the authors, indeed, that ZnTPP porphyrin nanocrystals undergo some
dissolution phenomena during the CVs in acidic solutions [20], while they are stable in
static conditions (i.e., when ZnTPP molecules are immersed in the acidic solution, with no
EC potential applied) [21].

The morphology shown in Figure 2e confirms the complete loss of crystallinity in the
ZnTPP 3D phase of the EC treated sample. The flat paving of the surface created by the
dense distribution of regular and oriented nanocrystals, shown in panel a, is replaced by
the presence of different agglomerates with irregular shapes and undefined orientations; in
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addition, graphite steps cannot be distinguished consistently in the case of an amorphous
layer covering the substrate [32,33].

2.2. H2TPP Film

A behavior similar to that of ZnTPP was observed for the free base-TPP film. The
initial morphology of the H2TPP/HOPG film, observed ex situ on the as-deposited sample,
is reported in Figure 3a.
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acquired ex situ after the two EC treatments in a 1 mM H2SO4 solution; the white arrow points at 
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In this figure, 3D porphyrin nanocrystals are shown to be covering the HOPG. In 
comparison with ZnTPP in Figure 2, nanocrystals look more dendritic, with a lower (about 
half) surface to volume ratio, calculated by evaluating the bearing area (volume), i.e., the 
area (volume) of the portion of nanocrystals getting out of the basal plane of the image; 
the edges and angles are sharp and well-defined, as are the ones observed on the pristine 
ZnTPP sample. The preferential orientation of the nanocrystals in the exfoliation direction 
of the HOPG substrate is also confirmed in this case by the RAS azimuthal analysis [29]. 
The maximum RAS signal is shown in Figure 3b (line + symbol) before the EC treatment. 

By comparing it with the “pre CV” spectrum of the ZnTPP sample, we note that the 
Soret-band shows a similar line shape (FWHM = 20 nm), a blue-shifted spectral position 
(λ = 436 nm) and a higher intensity of about 2.2 × 10−2. These small differences in the RAS 
signal can be reasonably attributed to the different morphology of ZnTPP and H2TPP 
nanocrystals. 

Figure 3. (a) (5× 5) µm2 topographic image of the 6 nm thick H2TPP/HOPG sample; the white arrow
points at a step of the HOPG substrate. The AFM image was acquired ex situ on the as-deposited
sample. (b) RAS spectra in the 350–525 nm range, acquired when the sample is in the EC cell filled
with a 1 mM H2SO4 solution. A comparison between three spectra is reported: one acquired before
the CVs (line + symbol), a second one after the first CV (dotted line), and a third one after the second
CV (solid line). (c) The voltammograms obtained during the two consecutive CVs (labeled as I and
II) in a 1 mM H2SO4 solution are shown; range: (0.2–1.2) V, from anodic to cathodic regime; sweep
rate = 20 mV/s; step = 1 mV. (d) (3.5 × 3.5) µm2 topographic image of the H2TPP/HOPG sample,
acquired ex situ after the two EC treatments in a 1 mM H2SO4 solution; the white arrow points at one
of the steps of the HOPG substrate.

In this figure, 3D porphyrin nanocrystals are shown to be covering the HOPG. In
comparison with ZnTPP in Figure 2, nanocrystals look more dendritic, with a lower (about
half) surface to volume ratio, calculated by evaluating the bearing area (volume), i.e., the
area (volume) of the portion of nanocrystals getting out of the basal plane of the image;
the edges and angles are sharp and well-defined, as are the ones observed on the pristine
ZnTPP sample. The preferential orientation of the nanocrystals in the exfoliation direction
of the HOPG substrate is also confirmed in this case by the RAS azimuthal analysis [29].
The maximum RAS signal is shown in Figure 3b (line + symbol) before the EC treatment.
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By comparing it with the “pre CV” spectrum of the ZnTPP sample, we note that the
Soret-band shows a similar line shape (FWHM = 20 nm), a blue-shifted spectral position
(λ = 436 nm) and a higher intensity of about 2.2 × 10−2. These small differences in
the RAS signal can be reasonably attributed to the different morphology of ZnTPP and
H2TPP nanocrystals.

As for the ZnTPP film, the anisotropy of the thick H2TPP film originates from the
3D phase of the sample. We point out that, at variance from the ZnTPP case, also the
H2TPP 2D phase shows an intrinsic anisotropy (a RAS feature at about 430 nm with an
intensity in the 10−3), created by the alignment the NH-atoms inside the macrocycle of
the single molecules along the same direction, as extensively demonstrated by some of the
authors [6,22]. However, in the RAS spectrum of Figure 3b, the anisotropy signal coming
from the 2D phase is completely hidden by the much more intense signal from the 3D
phase (one order of magnitude larger).

The intensity of the Soret-band starts to reduce (evolution not reported here) when
the EC potential reaches the value VEC = 0.6 V, during a first CV in a 1 mM H2SO4
solution (see “I CV” in Figure 3c). Similar to the ZnTPP case, the anisotropy of the H2TPP
sample is affected by the oxidative process of the molecular film, whose onset is placed at
0.6 V, represented by the appearance of two small anodic features at about VEC = 0.75 V
and VEC = 0.9 V in the CV [18]. These features are related to two one-electron oxidation
processes (usually called Eox

1, Eox
2) of the H2TPP molecule which involve the porphine

macrocycle and mostly the activity of the inner N atoms [34].
Differently from ZnTPP, the anisotropy of the H2TPP film is not completely canceled

by the EC treatment. In fact, the RAS signal acquired at the end of the first CV (dotted-line,
panel b) shows a not-null anisotropy signal where the two main features of the pristine
samples are still visible, although with an intensity of about 1/3 of the initial value. A
similar line shape is observed, albeit with an even less intense anisotropy signal, after a
second CV (full line, panel b); however, the voltammogram of the second CV (“II CV” in
panel c) does not clearly show the two one-electron oxidation features observed in the first
CV. This behavior suggests that the outer porphyrin layers of the sample, more exposed to
the acidic solution, have been fully oxidized or dissolved by the first EC treatment, which
modified, without completely removing, the total initial anisotropy of the molecular film.
The residual lower anisotropy signal, observed both after the first (dotted-line spectrum)
and the second EC treatment (solid line spectrum), indicates that while some H2TPP
layers may have been dissolved during the oxidation, a few layers persist on the HOPG
surface [20]. It is worth mentioning that the RAS signal acquired after the second CV
shows a shoulder at about 430 nm, with an intensity of about 1.3 × 10−3. This feature is
similar to the anisotropy signal related to the 2D phase observed on thin H2TPP/HOPG
samples, supporting the idea that the EC oxidation causes the dissolution of the uppermost
porphyrin layers and the modification of the nanocrystals, making the original thick film
closer to a thin H2TPP film.

An additional note is that the H2TPP nanocrystals, differently from the ZnTPP ones,
are sensitive to the acidic media and undergo etch-pitting phenomena with time, even
when they are immersed in a H2SO4 solution in static conditions. In the work of ref. [21],
it was observed that the etch-pits created on the nanocrystal surface are well-aligned to
the crystal edges. Even though the etch-pitting in static conditions is not equivalent to
an EC dissolution and is not the focus of the present work, the information gained in our
previous work can nevertheless give us an indication of the preferential crystallographic
directions involved in the EC dissolution process of the H2TPP nanocrystals. We speculate
that even the dissolution caused by the EC oxidation of the sample starts from the edges of
the nanocrystals, thus preserving a certain degree of order in the organic film that we see in
the residual anisotropy signals measured after the CV.

The final morphology of the sample, revealed by ex situ AFM, is shown in Figure 3d.
As for the ZnTPP 3D phase, the H2TPP 3D phase after the EC treatment looks quite changed
compared to the pristine condition (panel a) and in agreement with previous observations of
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the morphology of H2TPP films treated in different kind of acid solutions [18,19]. Differently
from the ZnTPP case in Figure 2, here, some form of crystallinity appears to have been
preserved and some regular shapes, resembling nanocrystals, are still recognizable; in
addition, the prevailing orientation of these 3D structures is still aligned along the HOPG
steps. This kind of morphology supports the interpretation of the spectra measured by
RAS (Figure 3b), where the residual final anisotropy looks like the convolution of a signal
coming from the 2D phase and another one from an electrochemically modified 3D phase.

2.3. Fe(TPP)Cl Film

An example metal-porphyrin with a different molecular symmetry with respect to
ZnTPP is represented by Fe(TPP)Cl, the Cl atom being an axial ligand for the Fe atom
placed in the middle of the tetrapyrrolic ring. The morphology of the Fe(TPP)Cl/HOPG
sample in pristine condition is reported in Figure 4a.
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as-deposited sample. (b) RAS spectra in the 350–525 nm range, acquired with the sample in the EC
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as I and II) in a 1 mM H2SO4 solution; range: (0.2–1.2) V, from anodic to cathodic regime; sweep
rate = 20 mV/s; step = 1 mV. (d) (3.5 × 3.5) µm2 topographic image of the Fe(TPP)Cl/HOPG sample
acquired ex situ after two EC treatments in a 1 mM H2SO4 solution; the white arrow points at one of
the steps of the HOPG substrate.

In this case, nanocrystals present different shapes; some of them look like the reg-
ular blocks observed on ZnTPP and H2TPP films, while some others have an irregular
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and dendritic geometry; again, most of the edges of these structures are aligned to the
graphite steps.

The anisotropy signal measured on this sample is labeled as “before CVs” in Figure 4b.
As well as for the ZnTPP sample, even for the Fe(TPP)Cl sample, we expect that the main
optical anisotropy feature originates from the 3D molecular aggregates. The Soret-band
is centered at 435 nm, with an intensity of about 1.7 × 10−2 with respect to the zero line.
However, the line shape is more structured than the one observed on the previous samples,
presenting a shoulder at 407 nm and a deeper valley at about 470 nm, just before the
upcoming Q-bands (not visible in Figure 4b). Interestingly, this result agrees well with
the optical spectra measured by Kadish and coworkers on mixed dimeric-monomeric
Fe(TPP)Cl systems, where dimers are represented by two porphyrins in the (FeIIITPP)2O
form, held together by a single O ion bridging the metal atoms [35,36]. In our Fe(TPP)Cl
sample, the presence of dimeric-monomeric species could be the reason also for the peculiar
mixed morphology observed by AFM (see panel a).

The initial RAS signal starts to change during the first CV in sulfuric acid when
the EC potential reaches the value of 0.8 V, as we verified by monitoring the Soret-band
intensity during the EC process (data not reported here). The voltammogram in panel
c shows an anodic feature at about VEC = 0.9 V, just before the OER potential, which
corresponds to the single-electron oxidation Fe(III)→ Fe(IV) of the middle atom in the
porphyrin molecule [36,37]. We speculate that this oxidation proceeds in parallel with
a destruction of the porphyrin dimers, leading to variations in the morphology of the
Fe(TPP)Cl nanocrystals, as we can argue by looking at the anisotropy signal in the RAS
spectrum of panel b labeled “after 1st CV”. There, both the intensity and the line shape
of the Soret-band were strongly changed, pointing out that a quantitative and qualitative
modification of the organic film occurred.

No significant variations of the anisotropy signal, instead, are observed after a sec-
ond CV (“after 2nd CV” spectrum in panel b), as one could expect by looking at the
corresponding featureless voltammogram (dash-dotted line in panel c).

The final morphology of the Fe(TPP)Cl film, as observed by AFM, is reported in
Figure 4d. This topographic image shows that the 3D phase was effectively changed from
the one we observed in pristine condition. Now, narrower and higher porphyrin aggregates,
with almost regular edges, cover the HOPG steps and terraces, and, more interestingly, it is
no longer possible to discern the dendritic structures, such as the ones clearly observed in
panel a. All these results suggest that the Fe(TPP)Cl dimeric-monomeric system undergoes
a structural modification during the oxidation process in sulfuric acid, which implies the
disruption of the 3D dendritic phase and the consequent modification of the morphology
and optical anisotropy of the porphyrin film.

3. Materials and Methods
3.1. Sample and Solution Preparation

Samples were present in films with a nominal thickness of 6 nm featuring three kinds
of tetraphenylporphyrin (TPP) molecules: H2TPP, ZnTPP and Fe(TPP)Cl (see Scheme 1).

The organic films were deposited in vacuum on highly oriented pyrolytic graphite
(HOPG, by Optigraph GmbH, with a mosaic spread of 0.4 degree to ensure a high reflectivity
useful for the optical spectroscopy characterization). Before each molecular deposition,
HOPG was exfoliated using an adhesive tape always along the same direction, in order
to create a preferential orientation for the HOPG steps, thus orienting the porphyrin
nanocrystals and ensuring a special direction for the alignment of the RAS apparatus.

The film were grown in an organic molecular beam epitaxy (OMBE) chamber, equipped
with heated crucibles for molecular evaporation [38]. The sublimation rate was measured
by means of a quartz microbalance and kept at 1 Å/min, corresponding to a sublimation
temperature in the range of 260–285 ◦C for all the molecules. The substrate was kept at RT
during the deposition. In these experimental conditions, porphyrins form nanocrystals by
following a “layer-plus-island” growth process (i.e., Stranski–Krastanov growth) [23].
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Scheme 1. Sketch of three different porphyrins used in the experiments: dark grey balls = C-atoms;
light grey balls = H-atoms; violet balls = N-atoms; dark violet ball = Zn-atom; red ball = Fe-atom;
green ball = Cl-atom; the average molecular size is indicated at the bottom. In the Fe(TPP)Cl molecule,
the Cl-atom is placed axially on top of the Fe-atom; a side view of the molecule is reported in the inset.

The electrochemical solution consists of 1 mM H2SO4 (pH = 3), prepared by diluting
in water concentrated H2SO4 (95–97% w/w, Merck); the solution was degassed by bubbling
pure Ar in a separator funnel for some hours before each experiment.

3.2. RAS Apparatus and EC Cell

The experimental set-up which combines RAS technique to the EC cell is reported in
Figure 5.
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Figure 5. Sketch and picture of the experimental set-up used to couple RAS with the electrochemical
measurements. The light beam illuminates the sample from the top-aperture of the EC cell, placed on
the table. Reflected light is collected within an angle of about 4◦ from the impinging beam direction
(see the main text for details).

A high-sensitivity homemade RAS apparatus [5] with a light spot diameter of about
5 mm was used to collect the spectra. The light coming from a Xe arc lamp was lin-
early polarized (α-direction) by a Glan–Thompson optical system and passed through a
Photo-Elastic Modulator (PEM), which rotates the light polarization along two mutually or-
thogonal directions (α and β) at a double frequency with respect to the resonance frequency
of 50 kHz. The light beam was properly focused on the sample by a system of lenses and
reflected within an angle of few degrees (Θ). Along the reflected light-path, after a second
system of lenses, a second Glan polarizer (called analyzer) linearly polarized the light
coming from the sample; then, a monochromator and a photomultiplier detector followed.
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The RAS signal is defined as the difference in the reflectivity between α and β direc-
tions (Rα, Rβ) normalized by the total reflectivity (R):

∆R
R

= 2
Rα(ω)− Rβ(ω)

Rα(ω) + Rβ(ω)
(1)

The anisotropy of the sample is detected by a phase-sensitive lock-in amplifier from
EG&G (San Francisco, CA, USA) measuring the signal modulation ∆R = Rα − Rβ at the
frequency provided by the PEM oscillation.

In the case of thin organic layers, where a complex stratified structure of molecules
characterize the film, the reflected light is generally termed as “reflectance”, in place of
“reflectivity” [39].

It is worth mentioning that the alignment of the sample with respect to the α and β

directions of PEM is, a priori, unknown; an azimuthal analysis is required to find the maxi-
mum of the RAS signal. For the molecular samples analyzed in this work, the maximum
value of the anisotropy (in modulus) is reached when the direction of graphite exfoliation is
aligned along the α or β direction of PEM (within 10◦) [22,29]. RAS measurements were col-
lected in the 330–650 nm wavelength (λ) range; however, in order to focus the discussion on
the main porphyrin optical transition, only a shorter range centered on the Soret-transition
band at about 436 nm is reported in the text. The evolution of the anisotropy of the sam-
ples, which occurs during the EC treatments in solution, was observed by monitoring the
variation of the Soret-band intensity while applying different EC potentials to the samples.
For this purpose, RAS measurements at fixed λ, corresponding to the spectral position of
the Soret-band, were performed by collecting a spectral point every 5 s, according to the
sweeping rate used to change the EC potentials during the CV.

To combine the optical spectroscopy with the electrochemistry techniques, in this
specific set-up, the RAS apparatus is vertically positioned above the sample. The latter is
located inside a home-made three-electrodes EC cell, made of Teflon®, with a top aperture
for the light beam. The EC cell is filled by about 1 mL of solution, and the area of the sample
surface exposed to the solution is about 20 mm2.

The sample represents the working electrode (WE), while two platinum wires are
used, respectively, as a counter electrode (CE) and a reference electrode (RE); the latter is
a Pt quasi-reference (Pt-QRef) with a stable (within few mV) potential shift of +740 mV
vs. a standard hydrogen electrode (SHE) when immersed in acid solution. The EC cell is
connected to a potentiostat (PalmSens4) to perform the CV. By running the CV, a linear ramp
of potentials is applied to the WE, in the 0.2–1.2 V range, with a sweep rate of 20 mV/s.

3.3. Atomic Force Microscopy

AFM characterizations were collected using a commercial scanning probe micro-
scope (5500 by Keysight Technology, Santa Rosa, CA, USA). The images were acquired
in tapping-mode, with silicon tips from NanoSensors, Neuchatel, Switzerland (cantilever
force constant: 10–130 N/m; ν0 = 223 kHz) and typical scan rates of 1.2 line·s−1.

4. Conclusions

We demonstrated that RAS acts as a powerful technique to use in order to detect the
first steps of porphyrin nanocrystals dissolution in acidic liquid media. By monitoring
the optical anisotropy changes in situ and in operando conditions, we confirm that one-
electron transfers, occurring at precise EC potentials during the oxidation of ZnTPP/HOPG,
H2TPP/HOPG and Fe(TPP)Cl/HOPG films in sulfuric acid, are responsible for the early
stages of structural modifications in porphyrin nanocrystals, in agreement with previous
morphological investigations. Interestingly, after the oxidation of the organic film, the 3D
phase of ZnTPP films looks completely amorphous, showing a null optical anisotropy sig-
nal and a melted-like morphology; conversely, the 3D phase of both H2TPP and Fe(TPP)Cl
films preserves a certain crystallinity, which still gives rise to a peculiar anisotropy sig-
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nal, representative of a post-oxidation condition. We speculate that the reason for the
observed differences in the optical/morphological behavior of the three porphyrin sys-
tems could be related to details of the oxidation process of the porphin macrocycle; the
identification of the molecular sites involved in the electron transfer processes will be the
topic of future investigations using in situ X-ray absorption spectroscopy combined with
electrochemistry measurements.

In summary, RAS can be used for real-time monitoring and, from the early stages,
modifications of anisotropic organic/inorganic systems which are caused by damaging
processes in oxidative/corrosive media or EC conditions.
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Abstract: Advanced carbon microelectrodes, including many carbon-nanotube (CNT)-based elec-
trodes, are being developed for the in vivo detection of neurotransmitters such as dopamine (DA).
Our prior simulations of DA and dopamine-o-quinone (DOQ) on pristine, flat graphene showed rapid
surface diffusion for all adsorbed species, but it is not known how CNT surfaces affect dopamine ad-
sorption and surface diffusivity. In this work, we use molecular dynamics simulations to investigate
the adsorbed structures and surface diffusion dynamics of DA and DOQ on CNTs of varying curva-
ture and helicity. In addition, we study DA dynamics in a groove between two aligned CNTs to model
the spatial constraints at the junctions within CNT assemblies. We find that the adsorbate diffusion on
a solvated CNT surface depends upon curvature. However, this effect cannot be attributed to changes
in the surface energy roughness because the lateral distributions of the molecular adsorbates are
similar across curvatures, diffusivities on zigzag and armchair CNTs are indistinguishable, and the
curvature dependence disappears in the absence of solvent. Instead, adsorbate diffusivities correlate
with the vertical placement of the adsorbate’s moieties, its tilt angle, its orientation along the CNT
axis, and the number of waters in its first hydration shell, all of which will influence its effective
hydrodynamic radius. Finally, DA diffuses into and remains in the groove between a pair of aligned
and solvated CNTs, enhancing diffusivity along the CNT axis. These first studies of surface diffusion
on a CNT electrode surface are important for understanding the changes in diffusion dynamics of
dopamine on nanostructured carbon electrode surfaces.

Keywords: dopamine diffusion; fast scan cyclic voltammetry; carbon nanotubes; carbon microelec-
trodes; molecular dynamics; nanomaterials

1. Introduction

Rapid and precise in vivo electroanalytical detection methods have advanced through
the development of carbon electrodes with novel micromorphologies, with the functional
properties of these aqueous electrochemical interfaces depending on their surface struc-
tures [1,2]. In recent years, several carbon microelectrodes have been developed based
on carbon nanotubes (CNTs), such as CNT nanoyarns [3], CNT forests [4], and spirally-
wrapped CNTs [5]. CNT-based electrodes have been successfully employed to study
dopamine (DA), an important neurotransmitter and signaling molecule in neuromodu-
latory processes [6–8] and a common target analyte for in vivo electroanalytical detec-
tion [2,9,10]. CNT-based electrodes have high sensitivity for neurotransmitter detection.
CNT yarn electrodes have a limit of detection of 10 nM for dopamine and a linear range up
to 25 uM [11]. Their response times are similar to those of carbon-fiber microelectrodes,
and the electrochemistry is more reversible, meaning the reduction peak is more evident in
the cyclic voltammetry.
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Interestingly, scanning electrochemical microscopy (SECM) and scanning electro-
chemical cell microscopy (SECCM) experiments have shown substantial electrochemical
activity on curved CNT surfaces. Pristine CNTs were able to catalytically oxidize and
reduce ferrocenyl-methyl-trimethyl-ammonium [12], and the catalytic reduction of heavy
transition-metal complexes were observed on pristine CNT sidewalls [13]. A pristine,
curved CNT surface greatly enhanced the catalytic reduction of oxygen, as compared to a
flat, highly ordered pyrolytic graphite (HOPG) surface [14].

At the same time, localized surface features, such as CNT kinks, oxidized defects,
edges, and lattice defects, are all known to enhance electrochemical activity in these materi-
als [2,14,15]. Spatially heterogeneous electrode activity has even been observed on pristine
graphene surfaces [16]. Since analyte surface diffusion is much more rapid than adsorption
and desorption [17,18], which occurs on the µs to s timescale for these small molecular
analytes [19–21], the diffusion timescale of adsorbates between these functionally different
locations has been used to explain certain features of electrochemical experiments, such as
fast scan cyclic voltammetry (FSCV) scan-rate dependencies [22].

Surface curvature and roughness has been shown to influence adsorbate diffusion on
a carbon surface. Shu et al. performed molecular dynamics (MD) simulations to study the
surface diffusion of an adatom and found it highly dependent upon the CNT curvature and
helicity, suggesting the possible importance of helicity in determining the mass transport of
an adsorbate in the axial direction along a CNT [23]. In addition, an atomic force microscope
(AFM) study on the clustering process of gold nanoparticles (NPs) on a single layer of graphene
placed atop three different substrates—graphite, boronnitride, and SiO2—demonstrated that
rougher carbon surfaces slowed NP diffusion [24].

Surface-dependent solvent dynamics can also play an important role in the diffusion
of CNT-adsorbed analytes. Previous research has shown that water’s density, mobility,
hydrogen-bond networks, and diffusion mechanism in close proximity to a CNT surface are
highly dependent upon nanotube geometry [25–27]. The phase behavior and dynamics of
water are also known to change under confinement, although these effects may be limited
in spaces larger than 15 Å in diameter [27–29]. Interestingly, MD simulations have shown
that the diffusion of water in certain regions within a CNT can be faster than in the bulk
phase [25,30,31].

Our own prior work used atomistic MD simulations to investigate the diffusion
dynamics of DA, its oxidation product, dopamine-o-quinone (DOQ), and their protonated
species on the pristine basal plane of flat graphene [18]. The results demonstrated that
the rapid adsorption of all species on this defect-free surface occurred even in the absence
of a holding potential. In addition, we found that surface solvation has a large effect on
adsorbate diffusion, and that adsorbate diffusivity on the solvated surface was similar to
that in bulk water. Finally, we found that the protonated species diffused more slowly on
the solvated surface, while the oxidized species diffused more rapidly.

In this paper, we extend our previous MD simulations of DA and DOQ on flat graphene
to investigate the structures and diffusion dynamics of the same adsorbates on CNT surfaces
of differing diameters, helicities, and arrangements. We first describe our model system and
simulation techniques and then quantify the diffusivities of DA, DOQ, and their protonated
species on various single CNT surfaces, at both the aqueous and vacuum interfaces. We
then analyze how the relative populations of various configurations of adsorbed DA and
DOQ change on differently curved CNTs, which provides insight into the origin of the
observed curvature dependent diffusion. Finally, we discuss our findings regarding the
surface diffusion dynamics of DA and DOQ in a CNT groove.

71



Molecules 2022, 27, 3768

2. Modeling

Atomistic MD simulations were performed within LAMMPS [32] on systems com-
posed of a graphene or CNT surface and a single adsorbate. Most simulations modeled the
carbon:water interface, where the surface was solvated with TIP3P water molecules and
simulations were conducted within an NVT ensemble. Simulations of the carbon:vacuum
interface were conducted at fixed NVE. To model the interactions in the system, we used the
OPLS-AA potential [33], which has been previously validated for use with small organic
molecules on graphene surfaces [34,35]. Simulations followed the approach described
in our previous study of DA and DOQ diffusion on a pristine flat graphene surface [18].
A detailed discussion of the accuracy of the OPLS-AA potential for these systems and
additional details of the equilibration process can be found in that work [18] and the SI.

Although these surfaces operate as electrodes under an external voltage, the full
analysis of adsorbate dynamics under a changing potential is remarkably complex and lies
outside the scope of this work, which focuses instead on the fundamental influence of the
graphene and CNT surfaces on the dynamics of adsorbed DA and DOQ.

2.1. Flat and Curved Pristine Carbon Surfaces

At the microscopic level, many carbon-based microelectrodes are composed of carbon
fiber microfilaments and CNT yarns, which consist of disordered graphite and vertically-
aligned CNT arrays, respectively [2,3]. To investigate adsorbate dynamics on the pristine
carbon versions of these microelectrodes, we created periodic structures of flat graphene
and single-walled CNTs of different curvatures and helicities. The surface carbons were
immobilized during the simulations, as discussed in our prior work [18] and in keeping
with other MD studies on these surfaces [23,26,27,30,31,34,36].

Flat graphene. We modeled a single layer of pristine flat graphene with a lateral box
size of 98.2419× 97.8420 Å2, using 3D periodic boundary conditions. A single layer of
graphene was used as no differences were observed between adsorbate dynamics on a
single and a triple layered fixed carbon surface [18].

Single-walled CNTs. To look at analyte motion on various CNT surfaces, we modeled
single-walled CNTs of three diameters and two helicities: armchair and zigzag. Armchair
CNTs included (15, 15)-CNT, (22, 22)-CNT, and (29, 29)-CNT, while the zigzag CNTs in-
cluded (0, 26)-CNT, (0, 38)-CNT, (0, 51)-CNT. Within each set, the radii are approximately
10, 15, and 20 Å, respectively. Details on the CNT diameters, lengths, and helicities are
listed in Table S1. In addition, images of the CNTs can been seen in Figure 1. CNTs larger
than 20 Å in diameter were chosen to avoid complications arising from significant confine-
ment effects, which are more prominent in CNTs under 15 Å [26,27]. CNTs of of various
lengths—ranging from 25 Å to 100 Å—were simulated in order to correct for finite size
issues arising from the periodic boundary conditions, as discussed in the SI [18,37–40].
Results are generally presented from 100 Å-long CNTs; however, extrapolations to the
infinitely sized systems are included for key cases.

CNT groove. We also placed two (15, 15)-CNTs in a parallel alignment along the
z-direction to construct a one-dimensional CNT groove. The CNTs are both 100.7 Å long
and separated by 3.4 Å, corresponding to the sum of the van der Waals (vdW) radii of the
closest carbon atoms on the different CNTs [41].
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Figure 1. Simulated CNT and graphene surfaces. DA is shown on (a) the exterior surfaces of CNTs of
varying curvatures, (b) flat graphene, and (c) the corresponding CNT interiors. In (d), DA diffuses
along the exterior groove formed by two parallel (15, 15)-CNT nanotubes. The dimensions of the
CNTs are listed in Table S1, and the solvating water molecules were omitted here for visual clarity.

2.2. DA and DOQ Adsorbates

We modeled DA and DOQ atomistically, along with their physiologically relevant
protonated counterparts, DAH+ and DOQH+ [42]. A description of the partial charge
assignments can be found in [18]. Cl− ions were added as countercharges for the proto-
nated species. DA and its derivatives contain three key moieties: the side-chain amine,
the aromatic ring, and an ortho-diol or quinone group [43], see Figure 2. We also modeled
the dynamics of a charge neutral atomic adsorbate with the same molar mass as dopamine
(153.18 a.u.), which is referred to as “adatom(DA)”.

(a) DA (b) DOQ

Figure 2. DA and DOQ. The adsorbate structures of DA and DOQ are shown here. The corresponding
protonated species, DAH+ and DOQH+, have an additional hydrogen in their positively charged
amine groups. The C2–C7 vectors (red arrows) are used to define the orientation and tilt of the
adsorbates above the carbon surface.

3. Results and Discussion
3.1. Solvated Adsorbate Diffusivities Depend on Surface Curvature

Inspired by previous work showing that variations in surface curvature and CNT
helicity can alter the diffusional pathways of an atomic adatom on a CNT surface [23],
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we set out to investigate the motion of DA across a series of solvated CNT surfaces with
varying curvatures. The mean squared displacements (MSDs) of the adsorbates along
the CNT axis (MSD‖) and around its circumference (MSD⊥) are plotted in Figure 3b as a
function of time for DA on seven differently curved armchair CNT surfaces: three on the
CNT interior, one on flat graphene, and three on the CNT exterior. The 1D diffusivities,
D⊥ and D‖, and the overall 2D diffusivities, D, are listed in Figure 3c. The diffusion
coefficients, D, were computed from the MSDs using the Einstein relation, [26,44] as
detailed in the Supplementary Materials.

Figure 3. DA diffusion on differently curved carbon surfaces. Results are shown here for the diffusion
of DA on the interior (int) and exterior (ext) surfaces of armchair CNTs of varying diameters and flat
graphene. (a) The armchair designation [45] refers to the edge morphology of the CNT along the
perpendicular direction. Diffusion on the surface in the same direction as the CNT axis is referred
to as parallel (‖), while that around the circumference of the CNT is denoted as perpendicular (⊥).
All CNTs presented in this table are 100.698 Å along the periodic ‖ direction, and the graphene
sheet is 98.2419× 97.8420 Å2 in size and periodic in two directions along the surface. (b) The MSDs
as a function of time are shown in both surface directions: ⊥ (top panel) and ‖ (bottom panel).
(c) The diffusion constants D⊥, D‖, and the overall 2D D values are computed from linearly fitting
the MSD curves in (b) using the Einstein relation, Equation (S4), over the 4–10 ps range. In both (a,b),
the carbon surface results are organized from most concave to the most convex.

The observed diffusion constants are smallest on the convex CNT exterior and largest
on the concave CNT interior. The largest shifts with curvature are seen in the D⊥ values,
in keeping with the direction in which the surface curves. In addition, a clear increase
is seen in the D⊥ values among the CNT interior results as the concavity increases from
(29, 29)-CNTint to (15, 15)-CNTint.

In order to compare the resulting diffusion constants to experimental values, we
adjust them to correct for an unphysical system size dependence. This known finite-size
effect [37–39,46] is discussed in more detail in the Supplementary Materials (see Figure S4
and accompanying text), and the values of the diffusion constants extrapolated to the
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infinite system size, D∞, are shown for a subset of the cases in Table 1. In our simulations,
the extrapolated 2D diffusion coefficient of DA on flat graphene is 1.3 × 10−5 cm2/s, while
its value ranges from (1.1–2.5) ×10−5 cm2/s for DA on differently curved CNTs. For com-
parison, the 3D diffusion coefficient calculated for DA from flow injection experiments is
0.6× 10−5 cm2/s [47].

Table 1. Diffusion coefficients extrapolated to the infinite system sizes. For a subset of the carbon
surfaces, diffusion constants for the infinite system sizes, D∞, were extrapolated from a series of
differently sized finite simulations. The extrapolation was done to correct for unphysical effects
that arise from the necessarily finite simulation sizes, and the D∞ values thus represent the actual
diffusivities expected within the larger physical systems. See SI and Figure S4 for details.

Adsorbate Carbon
Surfaces

D∞,⊥ (×10−5

cm2/s)
D∞,‖ (×10−5

cm2/s)
D∞ (×10−5

cm2/s)

DA
(15, 15)-CNTint 3.50± 0.15 1.41± 0.19 2.45± 0.13
Flat Graphene 1.27± 0.07 1.22± 0.10 1.24± 0.06
(15, 15)-CNText 1.17± 0.02 1.06± 0.05 1.12± 0.03

Curvature dependence is observed for DA, DAH+, DOQ, and DOQH+. Table 2
presents the diffusion constants obtained for these four species on both the interior and
exterior surfaces of (15, 15)-CNT, along with the flat graphene results. From these measure-
ments, we find that the curvature-dependence is similar across all four species.

Table 2. 2D diffusion coefficients of DA, DOQ, and their protonated counterparts. The values of the
overall 2D diffusion constant, D, were calculated from the MSDs of the adsorbates on the interior of
the armchair (15, 15)-CNT, flat graphene, and the exterior of the armchair (15, 15)-CNT. Finite system
size results are shown here as calculated within the ≈100 Å long systems.

D (×10−5 cm2/s)

DA DAH+ DOQ DOQH+

(15, 15)-CNTint 3.34± 0.26 3.24± 0.21 3.72± 0.29 3.65± 0.35
Graphene 1.92± 0.07 1.74± 0.07 2.29± 0.16 1.95± 0.14
(15, 15)-CNText 1.30± 0.04 1.20± 0.06 1.53± 0.10 1.37± 0.05

In addition, across all three curvatures we find that the protonated species, DAH+ and
DOQH+, diffuse more slowly than their neutral counterparts, DAH and DOQ, while the
oxidized species, DOQ and DOQH+, diffuse more rapidly than their reduced counterparts,
DA and DAH+. These trends were previously observed on flat graphene [18] and can
be readily explained by differences in the interactions of each species with the solvating
water molecules: the positively charged species have increased interactions with the
polar solvent, while the oxidized species have reduced interactions with the solvent—
their quinone moieities are only able to act as hydrogen bond acceptors, as compared to
the reduced diol moieties, which can act as both hydrogen bond donors and acceptors.
Increased attractions with the solvent will increase the adsorbate’s effective hydrodynamic
radius, RH, which is inversely related to the diffusion constant, D, of a solvated sphere

in nonturbulent flow via the Stokes–Einstein equation [36]: D =
kBT

cπηRH
, where kB is

the Boltzmann constant, T is temperature, η is solvent viscosity, and c is a constant that
describes the boundary conditions at the solvent-sphere interface. The Stokes–Einstein
equation cannot be rigorously applied here for these partially solvated, small molecular
adsorbates; however, it qualitatively explains the observed trends.
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Our simulation results show that DA diffusion clearly depends on placement on the
inner or outer surface of the CNT, with enhanced motion on the CNT interior. Overall, this
observed curvature dependence is consistent with the general trends observed previously
for an atomic adatom [23].

3.2. Dependence Does Not Arise from Curvature-Induced Shifts in Surface Roughness

In the case of the previously studied atomic adatom, the observed reduction of dif-
fusion barriers for the adatom on a surface with negative curvature (the CNT interior)
resulted from the smoothing of the carbon energy surface as it changes from convex to
flat to concave [23]. However, it is not clear how this effect functions for a molecular
adsorbate such as DA, which is larger than the underlying hexagonal carbon structure,
flexible, and asymmetric in shape with an uneven charge distribution. In addition, the role
of solvent was not considered in the prior work and may mitigate the influence of surface
energy roughness. In this section, we probe the role of surface roughness in this system by
investigating how the lateral distributions of these adsorbates depend on curvature, how
their diffusivities depend on CNT helicity, and how their diffusivities depend on curvature
in the absence of solvent.

Lateral distributions of molecular adsorbates are similar across curvatures. In
Figure 4, we plot the lateral distributions for the adatom(DA), DA, and its moieties on
three differently curved surfaces: the exterior of a (15, 15)-CNT nanotube, flat graphene,
and the interior of a (15, 15)-CNT nanotube. By comparing these distributions to the
underlying hexagonal aromatic ring pattern of the carbon surfaces, we can observe how
curvature-induced differences in the energy surface roughness influence the placement of
these atomic and molecular adsorbates.

First, we consider the lateral distributions of adatom(DA), an atomic adatom with the
same mass as DA. Shown in the first row of Figure 4, these distributions clearly display
the characteristic hexagonal pattern that corresponds to the centers of the honeycomb
structure of the aromatic carbon surface. As the surface curvature changes from convex
to concave, the lateral distribution of adatom(DA) gradually becomes more uniform,
as expected from the previously noted smoothing of the surface energy as the curvature
becomes more negative [23]. Despite the presence of solvating waters in our simulation,
the dependence of adatom(DA)’s lateral distribution on the underlying carbon structure
and its curvature persists.

In contrast, the lateral distributions of DA’s COM and that of its constituent moieties,
as shown in the next four rows of Figure 4, display almost no dependence on the underlying
hexagonal carbon structure and we see no clear trend in the distributions with curvature.
This lack of structuring and curvature dependence suggests that the underlying surface
energy roughness is not a dominant factor in determining the lateral placement of DA,
which extends spatially over a region larger than the hexagonal lattice spacing of the
underlying carbon surface.

Diffusion coefficients for zigzag and armchair CNTs are indistinguishable. Helicity-
dependent diffusion of atomic adsorbates on CNT surfaces has been previously observed
in simulations, where different diffusive pathways were observed on armchair and zigzag
CNT surfaces due to the surface energy landscapes that emerged upon curving graphene
in different directions [23,48]. To probe this effect for our solvated system, we simulated
the diffusion of both DA and adatom(DA) on the interior and exterior surfaces of highly
curved armchair and zigzag CNTs. Figure 5 shows the two CNT structures with 10 Å radii
((15, 15)-CNT and (0, 26)-CNT) as well as the D⊥, D‖, and 2D D values obtained from
these simulations. The corresponding results on flat graphene are also shown in each case
for comparison.
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Figure 4. Lateral distributions of adatom(DA) and DA above the CNT and graphene surfaces.
The plots show the distribution densities of the adsorbates above the carbon surface. From left to
right, the columns show the distributions on the exterior surface of (15, 15)-CNT, on flat graphene,
and on the interior surface of (15, 15)-CNT, as indicated with the cartoon images above each column.
From top to bottom, the rows show the results for adatom(DA) (an atomic adatom with the mass
of DA), the COM of DA, and the three COMs of the red-circled DA moieties. The projected COM
coordinates are binned with a spatial resolution of 0.1× 0.1 Å2 and wrapped into 4 unit cells, which
are separated by the dashed lines.

We found no significant difference between the armchair and zigzag diffusion con-
stants in our simulations for either the atomic or molecular DA adsorbates. This result is
expected for DA itself, given the insensitivity of its lateral distribution to the underlying
hexagonal structure in Figure 4. The shift in the lateral distribution for adatom(DA) with
curvature, however, suggests that differences between zigzag and armchair diffusivities
are possible within our system. Even so, the results for the two cases are statistically
indistinguishable, perhaps due to the dominant influence of surface hydration on adsorbate
dynamics in these systems which we found in our prior work on flat graphene [18].
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Adsorbate Carbon Surfaces D⊥ (×10−5 cm2/s) D‖ (×10−5 cm2/s) D (×10−5 cm2/s)

DA

(15, 15)-CNTint 4.34± 0.26 2.34± 0.32 3.34± 0.26
Graphene 1.92± 0.12 1.92± 0.13 1.92± 0.07

(15, 15)-CNText 1.21± 0.06 1.39± 0.08 1.30± 0.04

(0, 26)-CNTint 4.56± 0.44 2.39± 0.17 3.48± 0.20
Graphene 1.92± 0.13 1.92± 0.12 1.92± 0.07

(0, 26)-CNText 1.20± 0.10 1.42± 0.11 1.31± 0.08

Adatom(DA)

(15, 15)-CNTint 8.08± 0.99 5.14± 0.51 6.61± 0.52
Graphene 4.59± 0.32 4.71± 0.31 4.65± 0.29

(15, 15)-CNText 2.95± 0.21 3.12± 0.27 3.03± 0.15

(0, 26)-CNTint 8.04± 0.35 4.71± 0.46 6.38± 0.32
Graphene 4.71± 0.31 4.59± 0.32 4.65± 0.29

(0, 26)-CNText 2.96± 0.20 3.19± 0.16 3.04± 0.15

Figure 5. Diffusion coefficients of DA and adatom(DA) on armchair and zigzag CNTs. Armchair
and zigzag CNTs are two conformations which describe the carbon atom arrangements along the
perpendicular direction. The values of the diffusion constants D⊥, D‖ and the overall 2D D were
calculated from the MSDs of the adsorbates on the different surfaces. The 1D diffusion constants
on the flat graphene surface along the direction with the same chirality as each CNT direction were
chosen for the comparison. Finite system size results are shown here as calculated within the 100 Å
long systems.

Curvature dependence of D disappears in the absence of solvent. The negligible
influence of the carbon surface’s hexagonal patterning on DA’s lateral distributions in
Figure 4 suggests that the differences in D between the CNT surfaces of various curvature
in Figure 3 and Table 1 do not actually arise from curvature-mediated changes to the
energetic interactions between the adsorbate and the surface. The lack of dependence of
DA diffusion on CNT helicity in Figure 5 supports this conclusion.

To isolate the adsorbate–surface interactions and further probe this dependence di-
rectly, in Figure 6 we plot MSD‖ and MSD⊥ for DA and DOQ on the carbon surfaces in the
absence of solvent. Only the neutral species are simulated due to the lack of charge balance
under vacuum conditions. The average MSD results for the adsorbates on flat graphene
and on the interior and exterior of the (15, 15)-CNT at the vacuum interface are shown
plotted with lines, while the noise on each measurement is indicated by the shaded regions.

The resulting curves are not linear over the time regime plotted, indicating that inertial
motion lasts for much longer times at the carbon:vacuum interface than at the carbon:water
interface. Since the simulations do not allow for carbon surface fluctuations, which would
be expected to significantly reduce the timescale of inertial motion decay in the absence of
solvent, these MSD curves are only useful as a way to isolate the direct interactions between
the adsorbate and the different carbon surface architectures and test their influence on
adsorbate diffusion.
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Figure 6. MSDs of DA and DOQ on differently curved carbon:vacuum surfaces. The top and bottom
panels show the MSDs as a function of time along two surface directions, ‖ and ⊥, on graphene
and on the interior and exterior of the (15, 15)-CNT. The left and right panels display the results
for adsorbates DA and DOQ, respectively. The lines show the average MSD values, while the
shaded regions show the standard deviation in that value across ten trials, with red shading for
(15, 15)-CNTint, green shading for flat graphene, and blue shading for (15, 15)-CNText.

The results within each panel show significant overlap of the shaded regions and no
observable curvature dependence. In addition, the difference between the diffusivities of
DA and DOQ disappears, as expected from our conclusions above regarding the impor-
tance of solvent and the effective RH in determining the relative diffusivities of DA, DOQ,
and their protonated species [18]. Finally, even the MSD⊥ and MSD‖ curves appear identi-
cal, indicating that the differences observed in CNT surface diffusion between the axial and
perpendicular directions in Figure 3 and Table 1 are also attributable to solvent effects.

Taken together, these results suggest that the curvature dependence that we observe
in the diffusion constants for adsorbed DA and DOQ at the carbon:water surface do not
actually arise from curvature-induced changes in the energy surface roughness, as was the
case in the prior work on an unsolvated atomic adatom [23]. Instead, we conclude that
the curvature-dependence of these molecular adsorbates’ diffusivities arises from a more
complex interplay of surface curvature and surface solvation.

3.3. Adsorbate Structure Depends on Curvature, Charge, and Solvation

In this section, we investigate in detail the adsorbate’s configuration on the surface
and its dependence on curvature, charge, and solvation. First, we examine the vertical
placement of DA and DOQ and its constituent moieties above the different carbon surfaces;
in particular, we examine the various configurations available to the amine group. Then,
we consider the tilt angle of the aromatic ring above the surface and the adsorbate’s
orientational alignment with the CNT axis. Finally, we consider how the differently curved
surfaces shift the number of water molecules in the first solvation shell around the adsorbate,
which will influence the effective hydrodynamic radius, RH, and, therefore, the diffusivity.

The distance of the adsorbate above the surface depends on curvature, charge,
and solvation. The vertical distance, d, is defined as the distance between the COM of a
moiety and its closest point on the carbon surface. Figure 7 displays the vertical distribu-
tions for the aromatic ring (left column), the diol/quinone (middle column), and the amine
group (right column) on the three surfaces. DA and DOQ distributions are shown at both
the carbon:water and carbon:vacuum interfaces, while DAH+ and DOQH+ distributions
are only shown at the carbon:water interface.
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Figure 7. Vertical distributions of DA and DOQ moieties at the carbon:water and carbon:vacuum
interfaces. From left to right, three columns show the vertical distributions of the aromatic ring,
the diol/quinone moiety, and the amine group, respectively, with d representing the distance between
that moiety’s COM and the closest point on the surface. From top to bottom, the six rows correspond
to DA, DA in vacuum, DOQ, DOQ in vacuum, DAH+, and DOQH+. Colored curves within
each subplot indicate the distributions at the flat graphene or the interior and exterior (15, 15)-
CNT surfaces.

In the left column of Figure 7, the position of the aromatic ring for all solvated species
shifts slightly away from the surface as its curvature changes from convex to flat to concave.
Due to the ring’s structural rigidity, its COM can get closer to the surface when adsorbed
on the convex exterior of the CNT than when adsorbed to its concave interior, where
interactions with the inward-curving walls shift the center of the ring slightly away from its
optimal distance on the flat surface. Interestingly, for the two cases of DA and DOQ at the
carbon:vacuum surface, the aromatic ring distributions for both the exterior and interior
CNT surfaces shift slightly to the right, as compared to the solvated cases. This shift away
from the surface indicates the importance of solvation in determining the optimal vertical
position for the CNT-adsorbed aromatic rings.

In contrast, the diol/quinone moiety distributions in the middle column of Figure 7
display no shift with curvature, although the peak narrows slightly in all cases as the
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curvature of the carbon surface changes from convex to flat to concave. The invariance of
these peaks, coupled with their location on the edge of the aromatic ring, provide further
evidence that the shift in aromatic ring placement with curvature reflects constraints on the
optimal surface ring distance due to the curved surface geometry.

Finally, in the right column of Figure 7, we plot the vertical distributions of the amine
tail, which is tethered to the aromatic ring through rotatable bonds and can thus adopt
a variety of configurations. Our prior work on flat graphene [18] demonstrated that the
vertical distribution of the amine group is sensitive to its protonation state, as the positively
charged DAH+ and DOQH+ amines can form additional hydrogen bonds with the bulk
phase water molecules. These prior observations showed that the neutral amine vertical
distributions have three peaks and span a range of about 3–7 Å from the surface, while the
positively charged amines have a narrower distribution around a single peak at ≈6 Å from
the surface. Similar overall distributions are seen for the CNT exterior and interior surfaces,
with a broad, three-peaked distribution for the neutral species and a narrower distribution
further from the surface for the charged amines. However, as the curvature changes from
the exterior to flat graphene to the interior, the amine distributions are altered, especially
for the CNT interior. In addition, we find that the distributions shift closer to the surface
for both DA and DOQ at the carbon:vacuum interface as compared to their corresponding
distributions at the carbon:water interface.

Amine configurations are highly variable and display significant curvature depen-
dence. Given the complex variation observed in the amine vertical distributions, in
Figure 8, we investigate in more detail these distributions for DA at the carbon:water
interface. The three peaks for the CNText, flat graphene, and CNTint distributions have
been marked with letters in Figure 8a, their positions are listed in the table shown in
Figure 8b, and a sample configuration at the characteristic distance within each peak is
shown in Figure 8c.

The peaks closest to the surface in Figure 8a(i, iv, vii) correspond to configurations in
which the amine group is in close contact with the surface. These first amine distribution
peaks are observed at 3.1–3.7 Å (see Figure 8b) on all three surfaces, which is close to the
sum of the van der Waals (vdW) radii, 3.27 Å, of a carbon with a nitrogen in the OPLS-AA
force field [33]. The amine groups in these configurations are closest to the water molecules
in the first layer near the surface, as can be seen in the corresponding sample structures
in Figure 8c. The first and the second peaks in the density profile of water are observed
at ≈3.3 Å and ≈6.2 Å, respectively (see Figure S5). The second set of peaks in the amine
distribution (ii, v, viii) are observed at 4.2–5.2 Å. The amine groups in these configurations
are therefore likely to form hydrogen bonds with both the first and second layers of water
molecules, as shown in the sample structures in Figure 8c. Last, the third set of peaks (iii,
vi, ix) are seen at 5.6–5.9 Å, which is closest to the water molecules in the second layer.
The sample configurations for these peaks in Figure 8c show the amine tail stretching up
toward the bulk water.

Although the presence of these three peaks persist across the curvatures, their locations
shift with curvature, as can be seen in Figure 8a. When the curvature changes from convex
(purple) to flat (teal), all three peaks shift rightwards. When the curvature changes from
flat to concave (yellow), these three peaks shift back toward the left but to a lesser degree.

To understand the trend in the peak closest to the surface, we consider the three
structures shown on the left in Figure 8c. “Tentlike” configurations similar to (i) are more
likely on the convex surface, where the amine group reaches down toward the carbon
surface. Even though the center of the aromatic ring is slightly tilted away from the surface,
it remains closer to the surface than it would in a similar configuration on a flat or concave
surface. The position of the amine as it points down toward the surface corresponds to the
leftmost peak in Figure 8a, at 3.19 Å. The structures (iv) and (vii) also contain amines quite
close to the surface, but given the mismatch between the surface curvature and the tentlike
structures of (i), they are not able to get as close, showing a peak distance of 3.68 Å on the
flat graphene surface and of 3.57 Å on the convex surface (see Figure 8b).
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Figure 8. Vertical distributions and configurations of DA at the carbon:water interface. Panel (a)
shows the vertical distributions of the amine group of DA on flat graphene and on the exterior and
interior of a (15, 15)-CNT. The three peaks in each distribution are labeled and correspond to the
distances shown in panel (b) and the sample conformations shown in panel (c). Peak positions in (b)
were obtained from curve-fitting using Gaussian functions. In panel (c), only water molecules within
3 Å radius of the nitrogen in the amine group are displayed.

For the middle peaks, (ii, v, viii), represented by the corresponding structures in the
middle column of Figure 8c, the leftward shift is even stronger for DA on the convex surface
(ii) and represents another version of the “tentlike” structures—one with the same tilted
aromatic ring but with the amine group pointing back toward the solvent as in structure
(ii) in Figure 8c. In the next section, we discuss the distributions of these aromatic tilt
angles and their curvature dependence. On the flat and concave surfaces, the middle peak
corresponds to structures where aromatic ring is parallel to the surface and the amine
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group is rotated away from the surface by one carbon bond in the linker, as in structures (v)
and (viii).

The third peak from the surface represents the most probably configuration for all
curvatures. In these structures, the two linker bonds that connect the plane of the aromatic
ring to the amine group are both oriented to extend the amine out away from the surface
(see structures (iii, vi, ix) in Figure 8c). The location of this third peak displays the smallest
curvature dependency, as can be seen in the relatively small range in the most probable
distances listed in Figure 8b, third column. Although the structures shown in Figure 8c only
include the neutral DA species, this third peak is the only one observed for the positively
charged species, DAH+ and DOQH+ (see the last two rows of Figure 7, right-most column).
This result indicates that, when protonated, the amine group remains fully extended into
the solvent for all curvatures, similar to structures (iii, vi, ix). These structures also aid
in the interpretation of the amine distributions for DA and DOQ at the carbon:vacuum
interface in Figure 7 as well. As compared to the same amine distance distributions at the
carbon:water interface, the peak locations remain unchanged, but the relative peak heights
shift, indicating that configurations with the amine extending away from the surface are
significantly less probable in the absence of solvent.

The aromatic ring’s tilt angle above the surface depends on curvature, charge, and
solvation. The distributions of the tilt angle between the aromatic ring and the surface are
shown in Figure 9 for DA on differently curved carbon surfaces at both the carbon:water
(Figure 9c) and carbon:vacuum (Figure 9d) interfaces. In addition, the tilt distributions
of DA, DOQ, and their protonated species are shown for flat graphene at the aqueous
interface in Figure 9e.

Figure 9. Tilt angle distributions of DA and other adsorbates on differently curved and solvated
CNT and graphene surfaces. The tilt angle φ is defined as shown in (a,b) between the C2–C7 vector
(blue arrows) and a vector tangent to the surface at the midpoint of the C2–C7 vector (red arrows). φ

distributions for DA on differently curved surfaces, plotted as histograms with a binwidth of 0.36◦,
are shown in (c) at the carbon:water interface and in (d) at the carbon:vacuum interface. The results
for DA, DOQ, and their protonated counterparts are shown in (e) on solvated flat graphene.

When adsorbed on all carbon surfaces, DA primarily adopts configurations in which
its aromatic ring is parallel to the surface, as seen from the dominant peak, which is close to
φ = 0◦ in all cases. This configuration maximizes the π–π interactions and is seen in most
of the structures shown in Figure 8c. However, a second, asymmetric peak is observed
in a subset of the cases at φ ≈ 15◦ and corresponds to the tentlike configurations seen in
structures (i) and (ii) in Figure 8c. The relative probability of these two tilt angles clearly
depends on the surface curvature—the peak at φ ≈ 0◦ is strongest on the most concave
surface, whereas the peak at φ ≈ 15◦ is strongest on the most convex surface.

83



Molecules 2022, 27, 3768

The tilt angle distributions also display a clear dependence on charge, as can be seen on
solvated flat graphene in Figure 9e, where there is substantial probability around φ ≈ 15◦

for DA and DOQ but no such density for DAH+ and DOQH+. From the amine group
distributions for these positively charged species in Figure 7, we know that they adopt
configurations in which the amine group stretches out into the bulk water, which precludes
the more tilted tentlike structures like (i) and (ii) in Figure 8c.

The tilt angle distribution also depends on solvation. As can be seen in Figure 9d,
the curvature-dependence observed at the carbon:water surface is also present at the
carbon:vacuum surface. However, the population of the tilted configuration increases in all
cases, which corresponds well to the shift in the amine distance distribution to values that
are closer to the surface for the carbon:vacuum surfaces in Figure 7. Similar results were
obtained for DOQ at the carbon:vacuum interface, see Figure S6a.

Adsorbate alignment with CNT axis also depends on curvature and solvation. In
Figure 10, the orientational alignment of DA with the axis of the CNT, as defined by θ in
Figure 10a,b, is shown on differently curved carbon surfaces at the carbon:water interface
(Figure 10c) and at the carbon:vacuum interface (Figure 10d). The θ distributions of DA,
DOQ, and their protonated species are also shown for flat graphene at the aqueous interface
in Figure 10e.

Figure 10. Orientational alignment of DA and other adsorbates with the CNT axis direction on
differently curved and solvated CNT and graphene surfaces. The orientational angle, θ, is defined
as the angle between the C2–C7 vector (blue arrows) and the CNT axis direction (red arrows),
as shown in (a,b). θ distributions of DA on differently curved surfaces, plotted as histograms
with a binwidth of 3.6◦, are shown in (c) for the carbon:water interface and in (d) for the car-
bon:vacuum interface. The same results for DA, DOQ, and their protonated counterparts are shown
in (e) on solvated flat graphene. θ has a range of [0, 180◦]; however, the results are wrapped so that
p(θ) = p(180◦ − θ), for all θ > 90◦, due to the symmetry of the system.

At the carbon:water interface, the θ distribution of DA is uniform on flat graphene
and on the exterior of the CNTs, as can be seen in Figure 10c. In addition, charge does not
seem to influence this orientation for the solvated flat graphene case shown in Figure 10e.
Even the flat graphene case at the carbon:vacuum interface in Figure 10d shows no change
in the probability with θ. This invariance of the probability of a given θ orientation on flat
graphene is to be expected, given the lack of curvature to break the symmetries present
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in the flat graphene case as well as the lack of significant lateral distribution patterning in
Figure 4.

In contrast, on the solvated CNT interior in Figure 10c, there is a marked decrease in
the orientational probability as θ approaches 90◦, and the effect becomes more dramatic
as the concavity increases. These highly curved interior surfaces favor orientations where
the longest axis of DA is oriented along the CNT axis (θ = 0± 40◦). This orientational
preference is linked to the rightward shift in the aromatic ring’s vertical distribution as the
surface changes from flat to concave, as shown in Figure 7a. In configurations where DA is
not aligned with the CNT axis, its interactions with the inward-curving walls will force
the center of the ring slightly away from its optimal distance above the surface. The data
obtained from ten trajectories show that, on the solvated interior of the (15, 15)-CNT
nanotube, where this orientational preference is strongest, the average vertical distance of
the ring’s COM for all configurations in which DA is closely aligned with the CNT axis
(|θ| < 5◦) is 3.66± 0.15 Å, whereas the average vertical distance for the configurations
where DA is perpendicularly aligned to the CNT axis (85◦ < |θ| < 95◦) is 3.90± 0.17 Å.

The θ distribution is entirely different at the carbon:vacuum interface, however. Ori-
entations aligned with the CNT axis are disfavored on the CNT interior, and the most
favorable orientation on the CNT interior shifts to ≈65◦. At the same time, orientations
aligned with the CNT axis are favored on the CNT exterior. Both trends grow stronger with
increased curvature, and the same trends were observed for DOQ at the carbon:vacuum
interface (Figure S6b).

Adsorbate solvation shell depends on curvature and influences RH. According
to the Stokes–Einstein equation, the diffusion constant, D ∝ (1/RH), where RH is the
effective hydrodynamic radius, which depends on the magnitude of attractions between
the diffusing particle and the nearby solvent molecules. In the case of a particle adsorbed
to a surface, solvation is necessarily limited by the presence and geometry of that surface.
Although the Stokes–Einstein relation cannot be directly applied in that situation, it does
provide a way to think about the influence of the degree of solvation on diffusion, as the
magnitude of any favorable interactions between the particle and nearby solvent will
influence the particle’s effective hydrodynamic radius, RH. To investigate this effect, we
calculated the number of solvating water molecules within the first water shell around the
DA or DOQ atoms for each surface architecture. A distance of 5 Å was chosen as the cutoff
of that first water shell based on the distribution shown in Figure S5. The results are shown
in Figure 11a and display a clear trend from fewest solvating waters on the smallest CNT’s
interior to the most solvating waters on the smallest CNT’s exterior—as expected given the
geometric constraints of the surface. This trend matches that seen in the diffusion constants
on different surface curvatures, as seen in Figure 3c. To determine how well this solvation
effect can explain the trend in diffusivities, we plotted in Figure 11b the diffusivities from
Figure 3c vs. (Nwater)−1/3, where Nwater is the number of waters within 5 Å of a DA
atom, since D ∝ (1/RH), and RH is roughly ∝ (Nwater)1/3. The correspondence is quite
strong, and this effect is even able to explain the overlapping values seen in the diffusivities
even as curvature steadily changes for the CNT exteriors and for the (22, 22)-CNTint and
(29, 29)-CNTint cases. Since there is a clear geometric trend across these different diameter
CNTs, the fact that the number of solvating waters is the same implies that a change in the
adsorbate structures, as documented above, must compensate for that change in a way that
maintains a similar degree of solvation.

Overall, we find here that the vertical placement of the adsorbate and its moieties
above the carbon surface, as well as its tilt angle and alignment with the CNT axis depend
in a complex manner on curvature, solvation, and charge. In addition, the degree of DA
solvation varies with curvature and can explain much of the trend observed as D varies
across curvatures.
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Figure 11. Correspondence between CNT surface, solvating waters, and D. (a) The number of waters
in the first solvation shell around DA are calculated across the different surfaces. For a given water
molecule, its distance to DA is the shortest distance between its oxygen atom and any the atoms of
DA. Only the water molecules that are on the same side of the surface as DA are counted. Nwater and
its statistical errors were computed from 10 trajectories. (b) The diffusion constants, D, from Figure 3c
are plotted vs. N−1/3

water for DA on a range of differently curved surfaces. A linear fit line is shown here
along with the coefficient of determination, R2.

3.4. DA Localizes and Diffuses within a CNT Groove

Since a pair of aligned CNTs is the simplest multi-CNT structure expected within
CNT-based material, we also investigated how DA behaves on a groove surface, both for
the solvated and vacuum cases.

In all the simulations, DA localized to the groove between the two CNTs within 2–8 ns
and remained there. Given this strong structural preference, we ran each simulations for
at least 5 ns after it found its way to the groove. All results presented in this section were
obtained from the portions of the trajectories where DA is within the CNT groove.

A typical configuration from a groove simulation is shown in Figure 12a, the lateral
distribution of DA is shown in Figure 12b, and the 3D distribution is shown in Figure 12c.
There is a slight dependence on the underlying hexagonal structure in the lateral density
distribution in Figure 12b, but only the axial direction, as the adsorbate’s location around
the circumference is determined by the optimal distance from the other CNT surface,
as can be seen in Figure 12c. Note that any lateral patterning will depend on the degree to
which the neighboring CNTs are in register. There is a clear separation in the 3D density
plot between configurations with DA adsorbed to one CNT surface vs. the other. Jumps
between the two CNT surfaces are rare in the solvated case (1.9± 0.4 ns−1), but were
more frequently for DA adsorbed at the carbon:vacuum interface (49.2± 7.4 ns−1). Jump
trajectories across both the carbon:water and carbon:vacuum CNT grooves can be seen in
Figure S7.

Figure 13a compares D‖ and D⊥ for DA in the solvated groove to the same values for
DA on the exterior of a single (15, 15)-CNT, since the groove is constructed of two aligned
(15, 15)-CNTs. Results directly obtained from the 100 Å-length CNT groove system are
shown in the top section of the table, while the extrapolation to the infinite CNT groove
is shown at the bottom. Importantly, the observed trends hold for both the finite size
results and the infinite size extrapolations. As expected, D⊥ drops to almost zero when DA
remains in the groove. In contrast, DA’s diffusivity along the groove, D‖, is significantly
faster than the corresponding axial diffusivity on the exterior surface of a single CNT. We
then calculated Nwater for DA in the groove and found 26± 3 waters within 5 Å. This value
is lower than those reported in Figure 11a for the other surface structures and explains the
faster diffusion within the solvated groove.

86



Molecules 2022, 27, 3768

Figure 12. Spatial distributions of DA in a solvated CNT groove. The COM coordinates of DA within
a solvated CNT groove formed by two parallel CNT, as seen in a typical configuration shown in (a),
are plotted here in both (b) 2D and (c) 3D. The CNT groove is constructed of two parallel, 100 Å
(15, 15)-CNTs. In the 2D distribution plot in (b), locations along the axial direction were wrapped
into two unit cells. The gray dashed circles represent the location of the surface carbon atoms, and the
black dashed line in the middle at⊥= 0 Å represents the location on the CNT circumference where
the distance between the two CNTs is smallest. The distribution density in region to the left of that
dashed line results from configurations where the adsorbate is closest to the CNT on the left, while
the density to the right results from configurations where the adsorbate is closest to the CNT on the
right. In the 3D distribution in (c), the COM coordinates along the axial direction were wrapped into
ten unit cells for plotting.

Interestingly, this trend is reversed for DA’s diffusivity in the groove at the car-
bon:vacuum interface. Figure 13b shows the comparison of the axial MSD of DA in
the groove to that of DA on other CNT and graphene surfaces, all at the carbon:vacuum
interface. Without solvent, displacement along the groove is reduced as compared to that
on any other surface, which can be readily explained by the presence of two variegated
surfaces that can impact DA’s inertial motion rather than just one.

The results for the diffusion of all four adsorbate species within the 100 Å CNT groove
are shown in Table 3. The previously observed trends between oxidized and reduced
species (oxidized diffuses more rapidly) and between protonated and neutral species
(neutral diffuses more rapidly) both hold within the groove architecture.

Table 3. Diffusion coefficients of DA, DOQ, DAH+, and DOQH+ in a solvated CNT groove. The
CNT groove results shown here are reported directly from the finite 100 Å-long CNT simulations.

Adsorbate D‖ (×10−5 cm2/s) D⊥ (×10−5 cm2/s)

DA 1.82± 0.09 0.02± 0.01
DOQ 1.98± 0.17 0.04± 0.03

DAH+ 1.60± 0.10 0.02± 0.01
DOQH+ 1.63± 0.05 0.02± 0.00
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Figure 13. Diffusion coefficients of DA within a CNT groove. The CNT groove is constructed of
two 100 Å long, aligned, (15, 15)-CNTs. (a) Diffusion constants for the solvated CNT groove and a
solvated (15, 15)-CNText surface are shown here, both from the 100 Å simulation directly (top rows)
and from the infinite-system size extrapolation (bottom rows). D‖ is the 1D diffusion coefficient
for motion along the CNT groove and axis, and D⊥ is the 1D diffusion coefficient around the CNT
circumference. (b) The axial mean squared displacement of DA is plotted for various surfaces at the
carbon:vacuum interface. These MSD results are taken directly from simulations done in the vacuum
on 100 Å CNTs and 100× 100 Å2 graphene.

4. Conclusions

Overall, we find that DA and DOQ rapidly diffuse on the surface of pristine CNTs, just
as they do on the flat graphene surface [18]. Diffusion on a single CNT is rapid both along
the CNT axis and around its circumference. This observation corresponds to results from
Kim et al., who developed a continuum model on the µm scale to demonstrate the catalytic
activity of the exterior sidewall of individual CNTs. The model shows evidence that the
entire length of the CNT is uniformly accessible to the electrochemically active analytes,
which matched their spatially resolved scanning electrochemical microscopy results [12].

At the same time, we find that the adsorbate diffusivity also depends on the CNT
curvature. We observed enhanced adsorbate diffusion as the surface changes from convex
to flat to concave. Although this trend is similar to that observed previously for atomic
adsorbates on CNT surfaces [23,24], its origin differs. In our study, where molecular
adsorbates are diffusing on a solvated surface, the curvature-dependent diffusion cannot
be attributed to changes in the underlying surface energy roughness with curvature, as the
lateral distributions of the molecular adsorbates do not depend on curvature. In addition,
we find that the diffusion constants on the zigzag and armchair CNTs are indistinguishable.
Finally, in the absence of solvent, the curvature dependence disappears.

Why, then, does adsorbate diffusivity change with curvature? First and foremost,
the degree of solvation depends upon the surface geometry and will influence the adsor-
bate’s effective hydrodynamic radius, RH, and the Stokes–Einstein equation, although not
quantitatively applicable here, tells us that the diffusion constant goes as 1/RH. Second,
we also observe systematic shifts in the adsorbate tilt angle and axial orientation with
surface curvature, which are also influenced by solvation. Last, multiple studies have
shown changes in solvent dynamics within a CNT [25,27,28,30,31], which could influence
adsorbate dynamics in our simulation. While most of these effects are for CNTs with
diameters significantly smaller than ours, enhancements in solvent diffusion have been
seen at the interior of narrow CNTs and are more dramatic close to the CNT surface [25,27].
We also note that we observe more significant finite size effects in the CNT interior systems
(see Figure S4); however, the observed trend with curvature holds even when the correction
is made to an infinitely long CNT system (see Table 1).

Directional diffusion of adsorbates on the surface of CNTs is of general interest for
several applications [23,41,49–51]. Prior work studying adatom diffusion on the CNT
surface noted substantial differences between diffusion pathways on armchair and zigzag
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CNTs, with the adatom diffusing exclusively around the zigzag CNT’s circumference,
while on the armchair CNT, the adatom moved axially as well [23]. It may be concluded
that CNT helicity could play an important role in determining mass transport on these
nanoscale surfaces. However, we found no such effect on the surface of a single CNT in our
system; the larger molecular structure of DA and DOQ decreased the importance of the
direction of strain in the underlying CNT hexagonal surface. More importantly, solvation
at room temperature removes the helicity dependence for even the adatom(DA) in our
simulations, despite the fact that its lateral placement depends on the direction of curvature
(see Figure 4, top row). As a result, we do not expect CNT helicity to play an important role
in determining the directionality of diffusive transport for adsorbates on solvated surfaces
at room temperature. At the same time, we did observe significant changes in the direction
of diffusion for DA at the groove junction between two aligned CNTs. Once the adsorbate
encountered the groove, it stayed there and subsequent diffusion was restricted to the axial
direction. This directional effect could therefore have a significant impact on mass transport
within CNT-based nanomaterials.

Although the work in this paper focuses on single-walled CNTs and graphene, we
expect that our key findings can be extended to other carbon nanostructures. On multi-
walled CNTs, we anticipate dopamine structures, diffusion timescales, and curvature trends
that are similar to single-walled CNTs with the same interface curvature, since we found
previously that dopamine diffusion on one layer of pristine graphene was indistinguishable
from that on a triple layer of graphene [18]. Dopamine diffusion on the exterior of fullerenes
will also be similar to that on the exterior of the highly curved CNTs. However, the slow
“hopping” rate we observed from one CNT surface to another—even when both surfaces
share an extended edge where they are in close proximity—makes it clear that adsorption
of DA to fullerene, or other 0D nanostructures, would localize DA for long timescales.
Thus, we expect that some fraction of the mass transport of adsorbed DA would be arrested
on a composite surface that incorporates fullerenes. Diffusion of molecular adsorbates on
extended and 3D carbon surfaces are likely to differ significantly from our observations on
CNTs, as these structures may have highly confined waters, where dynamics are known
to differ significantly from that of bulk water [27–29]. In addition, we have found that the
degree of adsorbate solvation at the carbon:aqueous interface, coupled with the local water
dynamics, is essential for determining adsorbate diffusivities across a range of molecular
carbon surfaces.

CNTs have become common materials for electrochemical sensors but the diffusion
of common analytes, such as dopamine, has not been understood on their surface. Here,
we find that diffusion is fast on CNTs, about as fast as on flat graphene. However, CNT-
based electrodes are not made of single CNTs, and many electrodes consist of aligned CNT
materials, such as CNT forests or CNT yarns [3–5]. Thus, modeling a CNT groove shows
that interactions between CNTs also affect dopamine dynamics. The CNT groove provides
directionality for movement and localizes the dopamine on one part of the CNT. In future
studies, we could introduce a voltage and examine electrochemistry. We expect that the
observed shifts in tilt angle, axial orientation, and analyte–surface distance that occur upon
changes to CNT curvature will be important for electron transfer. These are the first studies
of dopamine diffusion on CNT electrodes and provide foundational information about the
surface structure and dynamics of dopamine adsorbates on electrode surfaces.
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34. Lazar, P.; Karlický, F.; Jurečka, P.; Kocman, M.; Otyepková, E.; Šafářová, K.; Otyepka, M. Adsorption of Small Organic Molecules

on Graphene. J. Am. Chem. Soc. 2013, 135, 6372–6377. [CrossRef]
35. Björk, J.; Hanke, F.; Palma, C.A.; Samori, P.; Cecchini, M.; Persson, M. Adsorption of Aromatic and Anti-Aromatic Systems on

Graphene through π−π Stacking. J. Phys. Chem. Lett. 2010, 1, 3407–3412. [CrossRef]
36. Li, Z. Nanofluidics: An Introduction; CRC Press: Boca Raton, FL, USA, 2018.
37. Yeh, I.C.; Hummer, G. System-size dependence of diffusion coefficients and viscosities from molecular dynamics simulations

with periodic boundary conditions. J. Phys. Chem. B 2004, 108, 15873–15879. [CrossRef]
38. Jamali, S.H.; Wolff, L.; Becker, T.M.; Bardow, A.; Vlugt, T.J.; Moultos, O.A. Finite-size effects of binary mutual diffusion coefficients

from molecular dynamics. J. Chem. Theory Comput. 2018, 14, 2667–2677. [CrossRef]
39. Fushiki, M. System size dependence of the diffusion coefficient in a simple liquid. Phys. Rev. E 2003, 68, 021203. [CrossRef]
40. Celebi, A.T.; Jamali, S.H.; Bardow, A.; Vlugt, T.J.; Moultos, O.A. Finite-size effects of diffusion coefficients computed from

molecular dynamics: A review of what we have learned so far. Mol. Simul. 2020, 47, 831–845. [CrossRef]
41. Lohrasebi, A.; Neek-Amal, M.; Ejtehadi, M. Directed motion of C60 on a graphene sheet subjected to a temperature gradient.

Phys. Rev. E 2011, 83, 042601. [CrossRef]
42. Nishihira, J.; Tachikawa, H. Theoretical Study on the Interaction Between Dopamine and its Receptor byab initioMolecular

Orbital Calculation. J. Theor. Biol. 1997, 185, 157–163. [CrossRef] [PubMed]
43. Meiser, J.; Weindl, D.; Hiller, K. Complexity of dopamine metabolism. Cell Commun. Signal. 2013, 11, 34. [CrossRef] [PubMed]
44. Frenkel, D.; Smit, B. Understanding Molecular Simulation: From Algorithm to Applications; Academic Press: Cambridge, MA, USA,

2001.
45. Tomanek, D. Guide through the Nanocarbon Jungle; 2053-2571; Morgan & Claypool Publishers: Williston, VT, USA 2014.
46. Simonnin, P.; Noetinger, B.; Nieto-Draghi, C.; Marry, V.; Rotenberg, B. Diffusion under confinement: Hydrodynamic finite-size

effects in simulation. J. Chem. Theory Comput. 2017, 13, 2881–2889. [CrossRef] [PubMed]
47. Gerhardt, G.; Adams, R.N. Determination of diffusion coefficients by flow injection analysis. Anal. Chem. 1982, 54, 2618–2620.

[CrossRef]
48. Wu, M.C.; Li, C.L.; Hu, C.K.; Chang, Y.C.; Liaw, Y.H.; Huang, L.W.; Chang, C.S.; Tsong, T.T.; Hsu, T. Curvature effect on the

surface diffusion of silver adatoms on carbon nanotubes: Deposition experiments and numerical simulations. Phys. Rev. B 2006,
74, 125424. [CrossRef]

49. Neek-Amal, M.; Abedpour, N.; Rasuli, S.; Naji, A.; Ejtehadi, M. Diffusive motion of C60 on a graphene sheet. Phys. Rev. E 2010,
82, 051605. [CrossRef]

50. Rurali, R.; Hernandez, E. Thermally induced directed motion of fullerene clusters encapsulated in carbon nanotubes. Chem. Phys.
Lett. 2010, 497, 62–65. [CrossRef]

51. Khodabakhshi, M.; Moosavi, A. Unidirectional transport of water through an asymmetrically charged rotating carbon nanotube.
J. Phys. Chem. C 2017, 121, 23649–23658. [CrossRef]

91



Molecules 2022, 27, 3768

52. Arefin, M.S. Empirical equation based chirality (n, m) assignment of semiconducting single wall carbon nanotubes from resonant
Raman scattering data. Nanomaterials 2013, 3, 1–21. [CrossRef]

53. Qin, L.-C. Determination of the chiral indices (n, m) of carbon nanotubes by electron diffraction. Phys. Chem. Chem. Phys. 2007,
9, 31–48. [CrossRef]

54. Castro-Villarreal, P. Brownian motion meets Riemann curvature. J. Stat. Mech. Theory Exp. 2010, 2010, P08006. [CrossRef]

92



Citation: Wang, K.; Yang, L.; Huang,

H.; Lv, N.; Liu, J.; Liu, Y.

Nanochannel Array on

Electrochemically Polarized Screen

Printed Carbon Electrode for Rapid

and Sensitive Electrochemical

Determination of Clozapine in

Human Whole Blood. Molecules 2022,

27, 2739. https://doi.org/10.3390/

molecules27092739

Academic Editor: Mariana Emilia

Ghica

Received: 31 March 2022

Accepted: 20 April 2022

Published: 24 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Nanochannel Array on Electrochemically Polarized Screen
Printed Carbon Electrode for Rapid and Sensitive
Electrochemical Determination of Clozapine in Human
Whole Blood
Kai Wang 1,†, Luoxing Yang 2,†, Huili Huang 3, Ning Lv 4, Jiyang Liu 2,* and Youshi Liu 1,*

1 Key Laboratory of Integrated Oncology and Intelligent Medicine of Zhejiang Province,
Department of Hepatobiliary and Pancreatic Surgery, Affiliated Hangzhou First People’s Hospital,
Zhejiang University School of Medicine, Hangzhou 310006, China; kaiw3@zju.edu.cn

2 Key Laboratory of Surface & Interface Science of Polymer Materials of Zhejiang Province,
Department of Chemistry, Zhejiang Sci-Tech University, Hangzhou 310018, China; 17858903877@163.com

3 Department of Psychiatry, Affiliated Xiaoshan Hospital, Hangzhou Normal University,
Hangzhou 310018, China; hhl1626@163.com

4 Department of Pharmacy, The First Affiliated Hospital, School of Medicine, Zhejiang University,
Hangzhou 310018, China; lvn1987@zju.edu.cn

* Correspondence: liujyxx@126.com (J.L.); liuyoushi@zju.edu.cn (Y.L.)
† These authors contributed equally to this work.

Abstract: Rapid and highly sensitive determination of clozapine (CLZ), a psychotropic drug for
the treatment of refractory schizophrenia, in patients is of great significance to reduce the risk
of disease recurrence. However, direct electroanalysis of CLZ in human whole blood remains a
great challenge owing to the remarkable fouling that occurs in a complex matrix. In this work, a
miniaturized, integrated, disposable electrochemical sensing platform based on the integration of
nanochannel arrays on the surface of screen-printed carbon electrodes (SPCE) is demonstrated. The
device achieves high determination sensitivity while also offering the electrode anti-fouling and anti-
interference capabilities. To enhance the electrochemical performance of SPCE, simple electrochemical
polarization including anodic oxidation and cathodic reduction is applied to pretreat SPCE. The
electrochemically polarized SPCE (p-SPCE) exhibits an enhanced electrochemical peak signal toward
CLZ compared with bare SPCE. An electrochemically assisted self-assembly method (EASA) is
utilized to conveniently electrodeposit a vertically ordered mesoporous silica nanomembrane film
(VMSF) on the p-SPCE, which could further enrich CLZ through electrostatic interactions. Owing
to the dual signal amplification based on the p-SPCE and VMSF nanochannels, the developed
VMSF/SPCE sensor enables determination of CLZ in the range from 50 nM to 20 µM with a low limit
of detection (LOD) of 28 nM (S/N = 3). Combined with the excellent anti-fouling and anti-interference
abilities of VMSF, direct and sensitive determination of CLZ in human blood is also achieved.

Keywords: nanochannel array; screen-printed carbon electrode; electrochemical polarization; electro-
chemical determination of clozapine; human blood

1. Introduction

Schizophrenia is a common mental illness that places a great burden on society. Some
20–30% of patients suffer from treatment-resistant schizophrenia (TRS) [1]. Research has
shown that clozapine (CLZ) is the only drug with good therapeutic effect on TRS [2–4]. The
intake of CLZ plays a crucial role in the recovery of patients. Excessive CLZ results in a lot
of side effects including excessive salivation [5], agranulocytosis [6], seizures [7], weight
gain [8], and mumps [9], which will cause secondary damage to the patient’s health [10].
Therefore, real-time determination of CLZ is of great significance to reduce the risk of
relapse and readmission of patients.
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Until now, the determination of clozapine has mainly relied on liquid chromatography-
tandem mass spectrometry (LC-MS/MS), gas chromatography-mass spectrometry (GC-MS),
colorimetric analysis and fluorescence sensing, etc. [11–13]. However, these detection strategies
typically require expensive instruments and a professional operator. In addition, the pretreat-
ment process for real sample analyses is often complex and time-consuming, and requires the
use of a large amount of organic solvents [14–19]. Electrochemical methods have the charac-
teristics of fast detection, simple instrumentation, high sensitivity, and convenient operation,
and have been widely used in analyses of environmental, biological, medical, clinical or food
samples [20–28]. Researchers have carried out electrochemical determination of CLZ using
differential pulse voltammetry (DPV), square wave voltammetry (SWV), cyclic voltammetry
(CV), etc. The determination sensitivity can be improved by introducing metal nanoparticles,
carbon-based materials, etc. to the electrode surface [29–31]. However, the determination of
CLZ in complex samples remains a great challenge. Complex biological or clinical samples
(e.g., whole blood, serum, etc.) usually have complex matrices containing a large number
of co-existing components including particulate matter (e.g., red blood cells, etc.), biological
macromolecules (e.g., protein, DNA, etc.) and other electroactive small molecules (e.g., ascorbic
acid-AA, uric acid-UA, etc.). On the one hand, particles or biological macromolecules will con-
taminate the surface of the electrode through non-specific adsorption, which will significantly
reduce the detection sensitivity. On the other hand, co-existing electroactive small molecules
can generate interfering signals. In addition, conventional electrochemical determination uses
conventional electrodes (e.g., glassy carbon, gold, platinum, etc. with a diameter of 3 mm), so
detection requires a larger sample volume. Therefore, it is very important to improve the anti-
fouling, anti-interference ability and detection selectivity of the electrode while maintaining
high detection sensitivity and low sample consumption.

The introduction of nanochannel arrays on the electrode surface is an effective strategy
to improve its anti-fouling and anti-interference properties. In this regard, vertically ordered
mesoporous silica nanomembrane films (VMSFs) have attracted much attention. VMSFs
are composed of an array of silica nanochannels with uniform pore size (commonly 2–3 nm)
and high porosity (up to 12 × 1012 cm−2). The high porosity ensures the mass transfer
of small molecules within the film [32,33]. In addition, ultra-small nanochannels allow
VMSF to achieve significant size exclusion for proteins or particles. On the other hand,
the silanol groups (pKa = 2–3) on the nanochannel surface endow VMSF with a certain
charge selectivity [34–36], which can achieve selective permeation of charged species.
In general, small molecules with negative charge will be repelled, making it difficult to
for them enter the nanochannels and reach the electrode surface. In contrast, positively
charged small molecules will be enriched, leading to signal amplification and high detection
sensitivity [37–39]. Owing to the excellent anti-fouling [40] and anti-interference ability
and potential enrichment effect, the VMSF modified electrode has great potential for direct
and sensitive analyses of CLZ in complex samples.

Screen-printed electrodes (SPEs) are miniaturized and integrated electrodes prepared
using screen-printing technology; they can disposable and entail low production costs.
Since SPEs integrate the traditional three-electrode system (working electrode, counter
electrode and reference electrode), the amount of sample used for detection can be very
small. Among them, screen-printed carbon electrodes (SPCEs) have the advantages of
a wide potential window, low background current, high biocompatibility and excellent
chemical stability [41–43]. In this work, we constructed a miniaturized electrochemical
sensing platform by equipping a SPCE with a nanochannel array which is able to directly
and sensitively detect CLZ in human whole blood. In order to improve the electrochemical
performance and achieve stable binding with VMSF, simple electrochemical polarization,
including anodic oxidation at high potential and cathodic reduction at low potential, is
applied to pretreat the SPCE. The electrochemically polarized SPCE (p-SPCE) exhibits
a strong electrochemical peak signal in response to CLZ. An electrochemically assisted
self-assembly method (EASA) is further utilized to conveniently electrodeposit VMSF on
p-SPCE, which could further improve the electrochemical response to CLZ. Combined
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with the excellent anti-fouling and anti-interference abilities of VMSF, the constructed
sensor can realize rapid and sensitive determination of CLZ in human blood. This work
demonstrates a new strategy for the construction of a reliable, miniaturized, disposable and
integrated electrochemical sensor with an anti-fouling layer and high detection sensitivity
and selectivity.

2. Results and Discussion
2.1. Electrochemical Polarization of SPCE

As illustrated in Figure 1, SPCE was first treated by simple electrochemical polariza-
tion to enhance its electrochemical performance. Electrochemical polarization is a simple
and green method to prepare highly active carbon electrodes. This method usually involves
the electrochemical oxidization and reduction of electrodes in conventional electrolyte
solutions. Usually, the electrode is first electrochemically oxidized at a high potential and
then electrochemically reduced at a low potential. Thus, no complex chemical reagents and
tedious operations are needed. During the polarization process, the sp2-conjugated carbon
on the surface of the carbon electrode is oxidatively etched at high potential, resulting in
abundant edge carbon, defects and oxygen-containing functional groups. These groups
serve as electrocatalytic active sites which can not only enhance the adsorption of organic
electroactive molecules, but also facilitate interfacial electron transfer reactions. In addition,
electrochemical polarization facilitates the formation of porous surfaces. Therefore, electro-
chemically polarized carbon electrodes tend to exhibit high electrochemical response and
significant electrocatalytic activity.
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Figure 1. Schematic of the VMSF equipment on the electrochemically polarized SPCE and the direct
determination of CLZ in human whole blood with high anti-fouling and anti-interference abilities.

The cyclic voltammetry curves obtained in the electrochemical electrolyte or standard
electrochemical probe solution (K3Fe(CN)6) on SPCE before and after electrochemical
polarization are shown in Figure 2a. Compared with SPCE, p-SPCE showed a significantly
increased charging current (Inset in Figure 2a), indicating an increase in the electroactive
area of the electrode through electrochemical polarization. In the case of a redox probe,
p-SPCE exhibited higher peak current and lower peak-to-peak separation, showing an
improved electron transfer rate after electrochemical polarization. This phenomenon was
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further confirmed by electrochemical impedance spectroscopy (EIS), as shown in Figure 2b.
It is well known that the charge transfer resistance (Rct) of an electrode is related to the
diameter of the semicircular curve in the high frequency region. When the SPCE was
electrochemically polarized, the p-SPCE displayed a reduced Rct owing to the increased
electron transfer rate.
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2.5 mM K3Fe(CN)6 and 2.5 mM K4Fe(CN)6.

2.2. VMSF Enquipment on the p-SPCE

After electrochemical polarization of the SPCE, VMSF was then electrodeposited on
the electrode surface by the EASA method (Figure 1). EASA is a convenient method by
which to apply VMSF to conductive substrates; it can complete the rapid growth of VMSF
within 10 s. When the p-SPCE was immersed in an acidic precursor solution containing
siloxane (TEOS) and cetyltrimethylammonium bromide (CTAB) micelles, a negative current
was applied to the electrode and OH- was generated. This local pH increase induced the
self-assembly of surfactant micelles (SM) and the polycondensation of siloxane, leading to a
hexagonally packed pore structure. The stable binding of VMSF with p-SPCE was attributed
to two factors. First, the negatively charged oxygen-containing functional groups on the
surface of p-SPCE facilitated the electrostatic adsorption of the cationic SM. Second, the
OH groups on p-SPCE formed Si-O bonds with VMSF through a co-condensation reaction,
bestowing the adhesion of VMSF on p-SPCE with high mechanical stability. Finally, the
SM in the nanochannels was removed with HCl-EtOH solution to obtain a VMSF/p-SPCE
with open nanochannels.

Transmission electron microscopy (TEM) was used to characterize the morphology
of the nanopore/channel structure of VMSF. Figure 3 demonstrates top-view and cross-
sectional TEM images of the VMSF nanochannel. As shown in Figure 3a, the VMSF had
a well-ordered structure with uniform pore size. The diameter of the nanopores was
between 2 nm and 3 nm. The cross-sectional view in Figure 3b clearly reveals the parallel
nanochannel structure.
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The integrity of VMSF was further proven through electrochemical characterization.
The CV curves and Nyquist plots of the obtained on SM@VMSF/p-SPCE and VMSF/p-
SPCE are shown in Figure 3c,d. As seen, SM@VMSF/p-SPCE exhibited almost no peak
current while VMSF/p-SPCE had remarkable peaks (Figure 3c). Thus, the filling of SM
inside VMSF nanochannels inhibited the mass transfer of the redox probe through the
nanochannels and then prohibited the subsequent electron transfer of between the electrode.
EIS experiments also demonstrated the same phenomenon (Figure 3d). An electrode
containing micelles in nanochannels showed extremely high charge transfer resistance. On
the other hand, the VMSF/p-SPCE with open nanochannels presented significantly lower
charge transfer resistance. The above results demonstrate the successful modification of
VMSF on a p-SPCE and the integrity of the nanofilm.

2.3. Dual Signal Amplification and Significantly Enhanced CLZ Response on VMSF/p-SPCE

The CV and DPV curves of CLZ on different electrodes are compared in Figure 4. It
can be seen that CLZ exhibited a pair of reversible redox peaks, which were attributed to
its redox reaction on the electrode surface (Figure 4a). The response of bare SPCE to CLZ
had the lowest peak current (Figure 4b). In contrast, the response of p-SPCE to CLZ was
significantly enhanced. This was attributed to the enhancement of electrode performance
by electrochemical polarization. On the one hand, electrochemical polarization increased
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the electroactive area, thereby increasing the interaction with the CLZ. On the other hand,
the active groups generated by electrochemical polarization enhanced the electron transfer
rate of p-SPCE. Therefore, electrochemical polarization can enhance the sensitivity to CLZ.
When VSMF was grown on the surface of p-SPCE, VMSF/p-SPCE showed the highest
peak current, demonstrating the enrichment of CLZ by VMSF nanochannels. This was
attributed to the electron sieving effect of the nanochannels. In the electrolyte solution, the
silanol groups on the surface of VMSF were negatively charged (pKa = 2–3), which allowed
electrostatic adsorption of CLZ (pKa = 7.6) to occur. Thus, the VMSF/p-SPCE had a dual
signal amplification effect on the determination of CLZ, indicating its potential for as a
sensitive CLZ detector.
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Figure 4. (a) CV or DPV (b) curves of CLZ on different electrodes. (c) DPV curves of CLZ at different
pH. (d) CV curves of CLZ at different scan rates. The inset shows the linear regression curve between
the peak current and the scan rate. (e) Effect of enrichment time on the peak current of CLZ. (f) Effect
of the concentration of the electrolyte on the peak current of CLZ.
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2.4. Optimization of Conditions for the Determination of CLZ

To improve the sensitivity to CLZ, conditions such as pH, enrichment time, and ionic
strength were optimized. Figure 4c shows the DPV curves of CLZ on VMSF/p-SPCE at
different pH. With the increase of pH, the oxidation peak potential of CLZ moved to the
negative potential, and the peak current also changed greatly. The highest peak current
was observed at pH 6. This was attributed to the effect of pH on the electrostatic interaction
between the nanochannels with CLZ. An excessively low pH would reduce the negative
charge on the surface of the VMSF nanochannels, which reduced the electrostatic force
on CLZ. On the other hand, an overly high pH would reduce the positive charge of CLZ.
Thus, pH = 6 was chosen for further investigation. Figure 4d displays the CV curves of
CLZ at different scan rates. With the increase of scan rate, both the oxidation peak current
and reduction peak current increased accordingly. Good linearity was observed between
the peak current and the scan rate, indicating an adsorption-controlled process (inset in
Figure 4d). Thus, the effect of enrichment time on the peak current of CLZ was investigate.
As shown in Figure 4e, the peak current reached equilibrium after 60 s, indicating very
short time for CLZ to reach mass transfer equilibrium on the electrode surface. This
was attributed to the good permeability of VMSF and dual enrichment of the VMSF/p-
SPCE. The ionic strength of the electrolyte solution affected the thickness of the electric
double layer of the nanochannels, which changed the electrostatic interaction between
the nanochannel and CLZ. Figure 4f shows the current responses of CLZ at different
ionic strengths. When the ionic strength of the electrolyte solution was high, the electric
double layer (EDL) did not overlap and the nanochannel exhibited electrostatic attraction to
positively charged substances [44]. Thus, 0.1 M PBS was chosen as the electrolyte solution
for the determination of CLZ.

2.5. Determination of CLZ Using VMSF/SPCE

The performance of the developed VMSF/p-SPCE sensor for the determination of CLZ
using was investigated. Figure 5a displays the DPV curves obtained on the VMSF/p-SPCE
in the presence of different concentrations of CLZ. As shown, the peak current gradually
increased when the concentration of CLZ increased. A linear correlation was revealed
between the oxidation peak current (I, µA) and concentration of CLZ (C, µM) in the range
from 50 nM to 20 µM (I = 2.6 C − 0.05, R2 = 0.996) (Figure 5b). The limit of detection
(LOD) was 28 nM with a signal-to-noise ratio of 3. For comparison, linear detection of
CLZ ranging from 1 µM to 15 µM was obtained on a bare SPCE (I = 0.647 C + 0.052,
R2 = 0.997). In the case of the p-SPCE, CLZ could be linearly detected from 0.5 to 20 µM
(I = 1.44 C + 0.11, R2 = 0.993). Thus, VMSF/p-SPCE exhibited the highest sensitivity. The
LOD obtained on the VMSF/p-SPCE was lower than that on GCE modified by multiwall
carbon nanotubes or on WO3 nanoparticles hydride modified by α-terpineol [45], Bi–Sn
nanoparticles applied to carbon aerogel-modified SPCE (Bi–Sn NP/CAG/SPCE) [46], ruthe-
nium (IV) oxide nanoparticle-modified SPCE (RuO2NPs/SPE) [31] or a TiO2 nanoparticle-
modified carbon paste electrode (TiO2NP-MCPE) [47]. The low LOD of the developed
sensor may be attributed to the dual amplification effects resulting from both the p-SPCE
and VMSF nanochannels.
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using VMSF/p-SPCE, p-SPCE, or bare SPCE. 
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CLZ, proving the good anti-interference characteristic of the sensor. It is particularly 
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VMSF/p-SPCE, p-SPCE, or bare SPCE.

2.6. Anti-Interference and Anti-Fouling Properties of the VMSF/p-SPCE Sensor

Anti-interference and anti-fouling capabilities are important characteristics of electro-
chemical sensors, and are especially important for analyses of real samples with complex
matrices. To study the anti-interference ability of the developed VMSF/p-SPCE sensor, the
effects of common substances in human blood on the determination of CLZ were inves-
tigated. Briefly, electrolyte ions (K+, Na+, Mg2+, Ca2+), common redox small molecules
(ascorbic acid-AA, dopamine-DA, uric acid-UA) and metabolites (urea, glucose-Glu) were
tested. As shown in Figure 6a, determinations of CLZ were not affected even when the
concentrations of the above substances were 25 times higher than that of CLZ, proving
the good anti-interference characteristic of the sensor. It is particularly noteworthy that
three electroactive small molecules, i.e., AA, DA, and UA, did not interfere with the de-
termination of CLZ, indicating that the constructed VMSF/p-SPCE sensor has excellent
potential resolution. Blood samples or tablets associated with CLZ often contain large
amounts proteins, hydroxypropyl methyl cellulose (HPMC) and starch. Therefore, the
effects of bovine serum albumin (BSA), HPMC and soluble starch on the determination of
CLZ were investigated. As shown in Figure 6b–d, these three species did not interfere with
the determination of CLZ, further revealing the good anti-fouling ability of the electrode.
In contrast, the responses changed significantly in presence or absence of these species
(inset in Figure 6b–d). The excellent anti-fouling performance of the VMSF/p-SPCE sensor
was attributed to the size and electrostatic exclusion effect of the VMSF nanochannels.
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of the indicated substance or mixtures thereof. (b–d) The peak current ratio of CLZ on the 
VMSF/p-SPCE or p-SPCE in the absence (I0) or presence (I) of BSA (b), HPMC (c) and starch (d). 
Insets are the corresponding DPV curves obtained using single CLZ (black) or the binary mixture 
(red). 
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or p-SPCE were also undertaken. As shown in Figure 7a, the DPV peak current on the 
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bare SPCE and p-SPCE showed a non-linear relationship with its concentration, indicat-
ing that the electrode was seriously contaminated. The regeneration and reusability of 
the constructed VMSF/p-SPCE sensor was investigated. The performance of the p-SPCE 
was also examined for comparison. The sensor can easily be regenerated by soaking in a 
hydrochloric acid–ethanol solution (0.1 M) for 2 min. As shown in Figure 7c,d, both 
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can be reused with no significant change in its response to CLZ (Figure 7c). However, the 

Figure 6. (a) The peak current ratio of CLZ on the VMSF/p-SPCE in the absence (I0) or presence (I)
of the indicated substance or mixtures thereof. (b–d) The peak current ratio of CLZ on the VMSF/p-
SPCE or p-SPCE in the absence (I0) or presence (I) of BSA (b), HPMC (c) and starch (d). Insets are the
corresponding DPV curves obtained using single CLZ (black) or the binary mixture (red).

2.7. Determination of CLZ in Human Whole Blood with Low Sample Consumption

The excellent anti-fouling and anti-interference properties of the constructed VMSF/p-
SPCE sensor show its great potential for use in direct electroanalyses of CLZ in complex
samples. As a proof-of-concept, electrochemical determination of CLZ in human whole
blood was investigated. Human whole blood was applied as the detection medium after
dilution by a factor of 100. For comparison, determinations using a bare SPCE or p-SPCE
were also undertaken. As shown in Figure 7a, the DPV peak current on the VMSF/p-SPCE
increased with an increase in the concentration of CLZ. Although the detection sensitivity
was reduced compared with that of the buffer system, the VMSF/p-SPCE sensor could still
linearly detect CLZ from 0.5 µM to 12 µM (I = 0.563 C + 0.04, R2 = 0.996) with a LOD of
110 nM (Figure 7b). In contrast, the CLZ signal on both the bare SPCE and p-SPCE showed
a non-linear relationship with its concentration, indicating that the electrode was seriously
contaminated. The regeneration and reusability of the constructed VMSF/p-SPCE sensor
was investigated. The performance of the p-SPCE was also examined for comparison. The
sensor can easily be regenerated by soaking in a hydrochloric acid–ethanol solution (0.1 M)
for 2 min. As shown in Figure 7c,d, both electrodes can be easily regenerated, although the
CLZ signals on the regenerated electrodes were almost undetectable in the electrolyte. In
addition, the VMSF/p-SPCE sensor can be reused with no significant change in its response
to CLZ (Figure 7c). However, the peak currents for CLZ obtained on the p-SPCE were
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significantly reduced (Figure 7d). This phenomenon once again serves as evidence of the
excellent anti-fouling performance of VMSF.
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The detected CLZ was 5 μM in diluted human blood (i.e., by a factor of 100). 

The reliability of the device was further investigated by the standard addition 
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concentration of CLZ ranged from 97.3% to 104%, with a relative standard deviation 
(RSD) of no more than 3.2% (Table 1), indicating good reliability for direct measurements 
of CLZ in complex samples. Since the SPCE features an integrated working electrode, a 
counter electrode and a reference electrode, a very small amount of sample (50 μL) can be 
dropped directly onto the surface of the electrode during tests. Therefore, the constructed 
VMSF/p-SPCE sensor can achieve rapid, direct and sensitive determinations of CLZ with 
very low sample consumption, indicating its great potential for use with fingertip blood. 
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Figure 7. (a) DPV curves obtained on VMSF/p-SPCE in diluted human whole blood with the addition
of different concentrations of CLZ (from bottom to top: 0.5, 1, 2, 5, 7, 10, 12 µM). (b) The corresponding
calibration curve obtained on the VMSF/p-SPCE and DPV peak currents obtained on both the p-SPCE
and bare SPCE. The regeneration and reuse performance of the VMSF/p-SPCE (c) and p-SPCE (d).
The first peak current was obtained using the original electrode. Other peak currents were obtained
in electrolyte (bottom) or CLZ solution (top) using the regenerated electrodes. The detected CLZ was
5 µM in diluted human blood (i.e., by a factor of 100).

The reliability of the device was further investigated by the standard addition method.
Different concentrations of CLZ were artificially added to the human whole blood. Then,
the whole blood was diluted by a factor of 10. As shown, the recovery of the concentration
of CLZ ranged from 97.3% to 104%, with a relative standard deviation (RSD) of no more
than 3.2% (Table 1), indicating good reliability for direct measurements of CLZ in complex
samples. Since the SPCE features an integrated working electrode, a counter electrode
and a reference electrode, a very small amount of sample (50 µL) can be dropped directly
onto the surface of the electrode during tests. Therefore, the constructed VMSF/p-SPCE
sensor can achieve rapid, direct and sensitive determinations of CLZ with very low sample
consumption, indicating its great potential for use with fingertip blood.
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Table 1. Determination of CLZ in human whole blood samples.

Sample a Added (µM) Found (µM) RSD (%) Recovery (%)

Human whole
blood a

10.0 10.4 2.9 104
30.0 29.2 3.2 97.3
50.0 51.0 2.6 102

a Samples with added CLZ were diluted 10 times using PBS electrolyte. The concentration of CLZ is before dilution.

3. Materials and Methods
3.1. Chemicals and Materials

Tetraethyl orthosilicate (TEOS), hexadecyl trimethyl ammonium bromide (CTAB), potas-
sium ferricyanide (K3[Fe(CN)6]), tetrapotassium hexacyanoferrate trihydrate (K4[Fe(CN)6]),
sodium phosphate dibasic dodecahydrate (Na2HPO4•12H2O), potassium hydrogen phthalate
(KHP), glucose (Glu), ascorbic acid (AA), uric acid (UA), dopamine hydrochloride (DA), bovine
serum albumin (BSA), hydroxypropyl methylcellulose (HPMC), soluble starch (Starch), sodium
dodecyl sulfate (SDS) and clozapine (CLZ) were purchased from Aladdin Biochemical Technol-
ogy Co., Ltd. (Shanghai, China). Potassium chloride (KCl), anhydrous calcium chloride (CaCl2)
and anhydrous ethanol (EtOH) were purchased from Hangzhou Gaojing Fine Chemical Co.,
Ltd. (Hangzhou, China). Magnesium chloride (MgCl2) and sodium dihydrogen phosphate
dihydrate (Na2H2PO4•2H2O) were purchased from Shanghai Macklin Biochemical Technology
Co., Ltd. (Shanghai, China). Sodium chloride (NaCl) and urea (Urea) were purchased from
Tianjin Yongda Chemical Reagent Co., Ltd. (Tianjing, China). Screen-printed carbon electrodes
(SPCEs) were purchased from Metrohm (Bern, Switzerland). Briefly, SPCEs contain three
integrated electrodes, i.e., working and counter electrodes made up of conductive graphite
paste and an Ag reference electrode comprising conductive silver paste. Human whole blood
(healthy male) was provided by the Hangzhou Occupational Disease Prevention and Control
Institute (Hangzhou, China). All reagents used in the experiment were of analytical grade and
did not require further processing. The ultrawater (18 MΩ·cm) used in the experiments was
prepared by the Mill-Q system (Millipore Corporation, Burlington, MA, USA).

3.2. Experiments and Instrumentations

The pore structure and vertically ordered nanochannels of the VMSF were character-
ized by transmission electron microscopy (TEM). Images were obtained on a transmission
electron microscope (HT7700, Hitachi, Japan). The accelerating voltage was 100 kV. VMSF
was gently scraped from p-SPCE, then dispersed in ethanol. Before characterization, the
VMSF dispersion was dropped onto a copper grid. All electrochemical experiments, includ-
ing cyclic voltammetry (CV), differential pulse voltammetry (DPV) and electrochemical
impedance spectroscopy (EIS), were performed using an Autolab electrochemical work-
station (PGSTAT302N, Metrohm, Herisau, Switzerland). The CV scan rate was 50 mV/s.
During the DPV test, the step potential was 0.005 V, the pulse amplitude was 0.05 V, the
pulse time was 0.05 s and the interval time was 0.2 s. EIS measurement was performed in
K3Fe(CN)6/K4Fe(CN)6 (2.5 mM) solution containing KCl (0.1 M) with a frequency range of
104 to 10−1 Hz.

3.3. Electrochemical Polarization of SPCE

Electrochemical polishing was performed to remove impurities such as organics and
polymers from the surface of SPCE electrodes. Briefly, H2SO4 (0.05 M) was used as the
medium and CV scans were then performed for 10 cycles between 0.4 and 1.0 V. After the
electrode was rinsed with ultrapure water and dried with N2, it was placed in a phosphate
buffer solution (PBS, 0.1 M, pH = 5). The subsequent electrochemical polarization included
anodic oxidation and cathodic reduction. Firstly, the electrode was anodized by applying a
constant potential of 1.8 V for 300 s. The oxidized SPCE was then cathodically reduced by
CV scanning for three cycles (initial potential: 0 V; minimum potential: −1.3 V; maximum
potential: 1.25 V; and scan rate: 100 mV/s). The obtained electrochemically polarized SPCE,
that is, p-SPCE, was washed with ultrapure water and then dried with N2.
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3.4. Preparation of VMSF-Modified p-SPCE

VMSF was electrodeposited on the surface of p-SPCE by the EASA method. To prepare
the precursor solution for VMSF deposition, ethanol (20 mL) was mixed with an equal
volume of NaNO3 (0.1 M, pH = 2.6). Then, CTAB (1.585 g) was added under magnetic
stirring until the solution became clear. After TEOS (3050 µL) was added, the obtained
solution was stirred at room temperature for 2.5 h. To grow VMSF, a p-SPCE electrode was
placed in the precursor solution and a galvanostatic current (−52.2 µA) was applied for
10 s. As surfactant micelles (SM) were present within VMSF nanochannels, the obtained
electrode was denoted as SM@VMSF/p-SPCE. After thorough rinsing with ultrapure water,
the SM@VMSF/p-SPCE was aged at 80 ◦C for 10 h. Then, SM was removed by immersing
the SM@VMSF/p-SPCE in 0.1 M HCl-EtOH solution (v:v = 1:1) for 5 min with stirring. An
electrode with open nanochannels was finally obtained and named VMSF/p-SPCE.

3.5. Electrochemical Determination of CLZ

PBS (0.1 M, pH = 6) was used as the detection electrolyte. To investigate the effect of
a complex medium on detection, human whole blood was also applied as the detection
medium after diluting by a factor of 100 using PBS electrolyte. Electrochemical determina-
tion of clozapine was carried out by DPV. After adding different concentrations of CLZ,
a DPV curve was recorded. For the real sample analysis, different concentrations of CLZ
were added to the human whole blood to simulate changes in CLZ levels in patient blood
after taking the drug. Then, human whole blood with added CLZ was diluted by a factor of
10 using PBS electrolyte. Next, 50 µL of the obtained solution was dropped on the surface
of VMSF/p-SPCE electrode. After static enrichment for 1 min, a DPV curve was recorded.

4. Conclusions

In summary, using simple equipment, a miniaturized, integrated and disposable elec-
trochemical sensing platform was constructed comprising a vertically ordered mesoporous
silica nanomembrane film (VMSF) on electrochemically polarized SPCE (p-SPCE). The
p-SPCE was characterized by increased active area and improved electron transfer rate,
thereby improving the determination sensitivity of CLZ. The nanochannels of the VMSF
also achieved electrostatic enrichment toward CLZ. Due to the excellent size/charge ex-
clusion effect of the nanochannels and the high potential resolution ability of p-SPCE, the
constructed VMSF/p-SPCE sensor had excellent anti-interference and anti-fouling prop-
erties, allowing it to realize rapid, direct and sensitive determinations of CLZ in human
whole blood. In addition, the developed VMSF/p-SPCE sensor has the advantage of very
low sample consumption (50 µL), indicating great potential for use with fingertip blood.
The nanochannel array on SPCE established here also provides a new strategy for rapid,
direct and sensitive electroanalyses of complex samples.
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Abstract: Element doping and nanoparticle decoration of graphene is an effective strategy to fabricate
biosensor electrodes for specific biomedical signal detections. In this study, a novel nonenzymatic
glucose sensor electrode was developed with copper oxide (CuO) and boron-doped graphene oxide
(B-GO), which was firstly used to reveal rhubarb extraction’s inhibitive activity toward α-amylase.
The 1-pyreneboronic acid (PBA)-GO-CuO nanocomposite was prepared by a hydrothermal method,
and its successful boron doping was confirmed by transmission electron microscopy (TEM) and
X-ray photoelectron spectroscopy (XPS), in which the boron doping rate is unprecedentedly up to
9.6%. The CuO load reaches ~12.5 wt.%. Further electrochemical results showed that in the enlarged
cyclic voltammograms diagram, the electron-deficient boron doping sites made it easier for the
electron transfer in graphene, promoting the valence transition from CuO to the electrode surface.
Moreover, the sensor platform was ultrasensitive to glucose with a detection limit of 0.7 µM and
high sensitivity of 906 µA mM−1 cm−2, ensuring the sensitive monitoring of enzyme activity. The
inhibition rate of acarbose, a model inhibitor, is proportional to the logarithm of concentration in the
range of 10−9–10−3 M with the correlation coefficient of R2 = 0.996, and an ultralow limit of detection
of ~1 × 10−9 M by the developed method using the PBA-GO-CuO electrode. The inhibiting ability of
Rhein-8-b-D-glucopyranoside, which is isolated from natural medicines, was also evaluated. The
constructed sensor platform was proven to be sensitive and selective as well as cost-effective, facile,
and reliable, making it promising as a candidate for α-amylase inhibitor screening.

Keywords: graphene; nonenzymatic glucose sensor; boron-doped; copper oxide

1. Introduction

The inhibitors of α-amylase can prevent some late complications by suppressing the
postprandial rise of blood glucose. The analysis methods applied for α-amylase inhibitor
measurement are studied by many researchers [1,2].

Electrochemical sensor strategies are prevailing and deserve more attention due to
intrinsic advantages such as high sensitivity and selectivity [3–6] and direct monitoring
of the target enzymes without complicated pretreatment [7–10]. In the construction of an
electrochemical sensor, chemically modified electrodes improve electron transport rate at a
low potential, resulting in a decrease in the interference of impurities and an increase in the
sensitivity of the current response [11,12]. The performance of the sensors improved due to
development of nanotechnology such as the detection limit and a wide range of detection
of target molecules. These advantages allow electroanalytical methods to be widely used
in the determination of biological and environmental analysis.
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Recently, considerable attention has been focused on developing nonenzymatic glu-
cose sensors since it overcomes such drawbacks of traditional enzyme glucose sensors as
instability, high cost of enzymes, complicated immobilization procedure, critical operat-
ing situations, etc., [13–16]. This also provided a new idea for identifying and detecting
α-amylase inhibitors. Metals alloys, metal nanoparticles, and noble metals have been
extended to develop nonenzymatic glucose sensors [17–20]. However, these electrodes
have such disadvantages as high cost, low selectivity, or poisoning of chloride ions, which
greatly limit their applications [21–25]. Thus, developing a highly selective, fast, reliable,
and cheap nonenzymatic glucose sensor is still imperatively demanded.

Graphene is a well-known conductive material composed of two-dimensional honey-
comb lattice-structured carbon atoms connected by an sp2 monolayer [26–29]. Studies have
shown that doping heterogeneous elements, such as nitrogen, boron, oxygen, sulfur, and
halogens can effectively improve electrochemical performance [30–32]. First, boron doping
can enhance the contact area between graphene, CuO nanoparticle, and electrolyte [33].
Furthermore, the electron deficiency of the boron element doped on the graphene acts as
a superior electron receiver [34]. The materials mentioned above acting as a substrate to
support CuO nanoparticles can vastly improve conductivity and sensing ability [35]. On
the other hand, as a p-type semiconductor with a narrow bandgap of 1.2 eV, CuO has been
widely studied because of its numerous applications in semiconductors, catalysis, biosen-
sors, field transistors, and gas sensors. The CuO nanowires are an important nanoparticle
in modifying electrodes with high sensitivity. However, the synthesis of CuO nanowires is
tedious and time-consuming [34].

In this study, a novel PBA-GO-CuO nanoparticle was prepared through the hydrother-
mal method, and the synergistic effect of PBA and GO dramatically improved the electro-
catalytic properties of glucose oxidation and detection. The developed detection platform
using PBA-GO-CuO nanoparticles provided an acceptable detection limit of 0.95 nM to
acarbose at a signal-to-noise ratio of 3, indicating ultra-sensitivity to α-amylase inhibitors.
Rhein-8-b-D-glucopyranoside isolated from natural products was screened by the proposed
sensing platform, demonstrating the excellent applicability [36]. The correctness was also
verified using the iodine assay colorimetric method [37]. The constructed sensor platform
was proven to be facile and cost-effective as well as highly sensitive, selective, and reliable,
making it promising as a candidate for trace inhibitor screening of natural products.

2. Results and Discussion
2.1. Characterization of PBA-GO-CuO Nanocomposite

SEM images of various aggregates are shown in Figure 1, displaying distinct mor-
phologies during the synthesis of PBA-GO-CuO nanomaterials. Figure 1a presents typical
ellipsoidal CuO particles with a size of ~23 nm. In Figure 1b, graphene oxide aggregates ap-
peared as ruffled wrinkles abound on surface areas. As shown in Figure 1c, the macroscopic
stacked structure becomes predominant after boron doping. Moreover, Figure 1d displays
the SEM images of CuO-GO hybrid material. The pronounced aggregates are observed
due to the CuO load on graphene oxide [38–40]. Figure 1e portrays the PBA-GO-CuO
nanomaterials’ rich pore structure and high specific surface area. From the enlarged picture
in Figure 1f, we can see with more detailed information that the size of CuO is smaller than
that in Figure 1a.

The TEM and energy dispersive X-ray spectra (EDS) are exhibited in Figure 2. In
Figure 2a,b, massive amounts of CuO particles are decorated on the graphene oxide surface,
affirming the SEM observation. From the EDS mapping surface scan (Figure 2c), we can
see that the elements of carbon (green), boron (red), and oxygen (yellow) are uniformly
overlapped, proving once again that CuO particles are homogeneously braced on graphene
oxide. The FTIR images in Figure 2d confirm the boron doping with the characteristic
absorption bands of B–O at 1350 cm−1 and B–C at 1180 cm−1 [35].
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We performed XPS tests to understand the diverse valence states of boron doping
and the variation in the element composition of PBA-GO-CuO nanomaterials, as shown
in Figure 3. The curve fitting and analysis of C1s and B1s signals are presented in Table 1.
The C1s peak at 290.2 eV, O1s peak at 530.9 eV, and the peak at 195.2 eV is related to the
B1s peak in Figure 3a. The high-resolution C1s spectrum of PBA-GO-CuO consists of five
characteristic peaks in Figure 3b, corresponding to C–B (288.3 eV), C–C (289 eV), C–O
(291.2 eV), C=O (292.5 eV), and O–C=O (287.5 eV) structures. The high-resolution B1s peak
was synthesized into four peaks (Figure 3c), representing the structures of B4C (187.8 eV,
attributed to the graphene lattice defects), BC3 (189.9 eV, may indicate that boron atoms
replace carbon atoms in the graphene skeleton), BC2O (191.2 eV, may suggest that boron
atoms replace carbon atoms in the edge or defect position of the graphene skeleton), and
BCO2 (192.3 eV, same as BC2O) [39–42]. Figure 3d is a high-resolution spectrum of Cu,
where the peaks observed at 933.2 and 953.8 eV are due to Cu2p3/2 and Cu2p1/2, which are
attributed to oxidized Cu (II) [41].
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Table 1. XPS elemental analysis of PBA-GO-CuO.

Element Species Binding Energy(eV) Relative Intensity (%)

C 1s

C-C/C=C 284.01 71.26
C-N 284.62 18.30
C-C=O 288.50 5.29
C=O 287.07 3.08
C-B 284.81 2.07

B 1s

BC3 189.92 67.21
BC2O 191.04 18.26
BCO2 192.13 8.25
B4C 187.81 6.34

2.2. Electrochemical Characteristics of Modified Electrodes

Electrochemical impedance spectroscopy is a valuable method to reflect the interfacial
changes in the sensor in which the semicircle portion at a higher frequency expresses
the electron-transfer-limited process, and the line at a lower frequency characterizes the
diffusion process. The semicircle diameter order in Figure 4 is equal to that of the electron-
transfer resistance: bare Glassy Carbon electrode (GCE) > CuO-GCE > PBA-GO-CuO-GCE.
PBA-GO-CuO-GCE’s diffusion uniformity (more parallel to the X-axis) is more excellent
than other modified materials. In summary, the PBA-GO-CuO-GCE has the best response
to glucose.
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2.3. Electrochemical Response of Modified Electrode to Glucose

Cu (II)/Cu (III) redox peaks are essential in nonenzymatic electrochemical glucose
signal enlargement. As shown in the blue curve in Figure 5, CuO was oxidized to Cu (III)
species, including CuO(OH) or another compound at an oxidation peak of about +0.4 V, and
the generated Cu (III) species catalyzed the oxidation of glucose to glycoside at a scanning
rate of 0.4 V/s. The PBA-GO-CuO-GCE displays poor redox peaks in 0.1 M NaOH without
glucose (Figure 5). At the same time, Cu (III) was reduced to Cu (II) at the reduction peak
of about +0.6 V. It is evident in Figure 5 that the bare GCE displays an inconspicuous redox
peak at 0–0.8 V, which also confirms the signal amplification effect of the copper pair. After
added glucose, electrons were quickly transferred from the glucose to the electrode. Cu (III)
ions received electrons and functioned as electron-transfer carriers [43]. The black and red
curves represent the redox peaks of PBA-GO-CuO-GCE and GO-CuO-GCE, respectively.
Additionally, the approximate ratio of the closed-loop area of the four cyclic voltammetry
curves in Figure 5 is 2.2: 1.57: 1.04: 0.07. The synergic signal enhancement is due to two
reasons. Firstly, the electronic defects of the B element can cause the positively charged
PBA-GO to be more likely to function as an electron receiver, absorbing electrons on the
electrode; secondly, the CuO deposited on the PBA-GO is uniformly distributed, providing
highly catalytically active sites and a high-efficiency glucose oxidation platform.

Prior to nonenzymatic glucose detection, the alkaline medium may be favorable to
improve the electrocatalytic activity of the transition metal-based catalysts. Hence, the
impact of NaOH concentrations was investigated in amperometry measurements of 0.1 M
glucose. As shown in Figure 6, the amperometry currents increase correspondingly when
the electrolyte concentration increases from 0.01 to 0.10 M because glucose is more easily
oxidized, and the electrocatalytic activity of NN-CuO is greatly enhanced at high OH-.
However, the peak current is decreased by further increasing the electrolyte concentration
from 0.10 to 0.20 M. A possible reason may be that too much OH- can block the further
electro-adsorption of glucose anion and result in a decrease in the current signal.

111



Molecules 2022, 27, 2395Molecules 2022, 27, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 5. The cyclic voltammograms of bare GCE (d), CuO GCE(c), GO-CuO-GCE (b), and PBA-
GO-CuO-GCE (a) in 0.1 M NaOH solution with 10 mM glucose (scan rate: 0.4 V/s); inset: PBA-GO-
CuO-GCE in 0.2 M NaOH with (a) and without (b) the injection of 10 mM glucose. 

Prior to nonenzymatic glucose detection, the alkaline medium may be favorable to 
improve the electrocatalytic activity of the transition metal-based catalysts. Hence, the im-
pact of NaOH concentrations was investigated in amperometry measurements of 0.1 M 
glucose. As shown in Figure 6, the amperometry currents increase correspondingly when 
the electrolyte concentration increases from 0.01 to 0.10 M because glucose is more easily 
oxidized, and the electrocatalytic activity of NN-CuO is greatly enhanced at high OH-. 
However, the peak current is decreased by further increasing the electrolyte concentration 
from 0.10 to 0.20 M. A possible reason may be that too much OH- can block the further 
electro-adsorption of glucose anion and result in a decrease in the current signal. 

 
Figure 6. CVs of PBA-GO-CuO-GCE toward 10 mM glucose at 0.4 V under different NaOH concen-
trations (0.01, 0.05, 0.10, 0.15, 0.20); scan rate: 0.4 mV/s. 

Figure 5. The cyclic voltammograms of bare GCE (d), CuO GCE (c), GO-CuO-GCE (b), and PBA-GO-
CuO-GCE (a) in 0.1 M NaOH solution with 10 mM glucose (scan rate: 0.4 V/s); inset: PBA-GO-CuO-
GCE in 0.2 M NaOH with (a) and without (b) the injection of 10 mM glucose.

Molecules 2022, 27, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 5. The cyclic voltammograms of bare GCE (d), CuO GCE(c), GO-CuO-GCE (b), and PBA-
GO-CuO-GCE (a) in 0.1 M NaOH solution with 10 mM glucose (scan rate: 0.4 V/s); inset: PBA-GO-
CuO-GCE in 0.2 M NaOH with (a) and without (b) the injection of 10 mM glucose. 

Prior to nonenzymatic glucose detection, the alkaline medium may be favorable to 
improve the electrocatalytic activity of the transition metal-based catalysts. Hence, the im-
pact of NaOH concentrations was investigated in amperometry measurements of 0.1 M 
glucose. As shown in Figure 6, the amperometry currents increase correspondingly when 
the electrolyte concentration increases from 0.01 to 0.10 M because glucose is more easily 
oxidized, and the electrocatalytic activity of NN-CuO is greatly enhanced at high OH-. 
However, the peak current is decreased by further increasing the electrolyte concentration 
from 0.10 to 0.20 M. A possible reason may be that too much OH- can block the further 
electro-adsorption of glucose anion and result in a decrease in the current signal. 

 
Figure 6. CVs of PBA-GO-CuO-GCE toward 10 mM glucose at 0.4 V under different NaOH concen-
trations (0.01, 0.05, 0.10, 0.15, 0.20); scan rate: 0.4 mV/s. 
Figure 6. CVs of PBA-GO-CuO-GCE toward 10 mM glucose at 0.4 V under different NaOH concen-
trations (0.01, 0.05, 0.10, 0.15, 0.20); scan rate: 0.4 mV/s.

2.4. Chronoamperometry Studies

The chronoamperometry and a calibration curve of the PBA-GO-CuO-GCE glucose
sensor are shown in Figure 7. A stable and fast stair-shape current-time signal responsive
diagram can be observed in Figure 7a. In the first portion of the stair diagram, a 0.10 mM
glucose solution was repeatedly added into a 0.10 M NaOH electrolyte after every 50 s,
resulting in a current increase by 7.1 × 10−6 after each operation; in the second part of
the stair diagram, a 1 mM glucose solution was repetitively added over 10 times, and the
enlarged stair-shape signal occurred. The second part of the current is three times faster
than the first. However, the current-time signal noise fluctuates after repeated glucose
addition because the intermediate products are overlapped on the electrode due to signal
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interference [44]. With the continuous increase in glucose concentration of 1.5 mM and
2 mM, the current tends are stable, so the current-time relationship between 0.1 and 10 mM
was selected for further study.
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As shown in Figure 7b, the calibrated diagram consisted of two linear current–
concentration curves as follows: Y1 (10−4 A) = 0.6432 X1 (mM) + 0.0136 (R2 = 0.99794) (low
concentration range of 0.1–1 mM); Y2 (10−4 A) = 0.2305 X2 (mM) + 0.5951 (R2 = 0.99657)
(high concentration range of 1–10 mM). The detection limit is 0.7 µM (S/N = 3), and the
calculated sensitivity is ~906 µA mM−1 cm−2 and 325 µA mM−1 cm−2 (the geometrical
area and diameter of GCE are 7.068 and 3 mm, respectively). The sensitivity at a high con-
centration range is less than at a low concentration range, possibly due to the intermediate
product generated by the electrocatalytic oxidation of glucose that was absorbed [45]. In
contrast, the adsorption kinetics of glucose is slower at high concentrations. The detec-
tion performance of the fabricated modified electrode is compared with GO-CuO-GCE,
CuO-GCE, and some other GCE-based nonenzymatic sensors. As can be seen in Table 2,
the PBA-GO-CuO-GCE-modified electrode has a lower detection limit and a wider linear
range [45–56].

Table 2. Comparison of detecting performance of the B-GO-CuO with other nonenzymatic glu-
cose sensors.

Electrode
Material Electrode

Doping
Element (and

Its Source)

Sensitivity (µA
mM−1 cm−2) Linear Range Detection

Limit (µM) Reference

PBA-GO-
CuO GCE B (1-Pyrene

boric acid) 906 0.1 mM–2.0 mM 0.7 µM This work

GO-CuO GCE - 723 0.1 mM–2.0 mM 1.5 µM This work

CuO GCE - 206 0.1 mM–2.0 mM 9.5 µM This work

Faceted CuO
nanoribbons GCE - 412 0.05 mM–3.5 mM 58 µM Sahoo et al. [46]

LSC/rGO GCE - 330 2 µM–3.35 mM 63 µM He et al. [47]

GO/CuO GCE - 37.63 0.005 mM–14 mM 5.04 µM Foroughi et al. [48]

MWCNT/Au GCE/CSPE - 2.77 ± 0.14 0.1 mM–20 mM 4.1 µM Branagan et al. [49]

Au/Cu2O/GCE GCE - 715 0.05 mM–2.0 mM 18 µM Su et al. [50]
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Table 2. Cont.

Electrode
Material Electrode

Doping
Element (and

Its Source)

Sensitivity (µA
mM−1 cm−2) Linear Range Detection

Limit (µM) Reference

Co-MOF
Nanosheets GCE - 219.67 0.5 µM–8.065 mM 0.25 µM Li et al. [51]

Co/MoS2/CNTs GCE - 131.69 0–5.2 mM 80 nM Branagan et al. [49]

Ni(II)-
CP/C60

GCE - 614.29 0.01 mM–3.00 mM 4.3 µM Shahhoseini et al. [52]

3D flower-like
Ni7S6

GCE - 271.8 5 µM–3.7 mM 0.15 µM Wu et al. [53]

N-GR-
CNTs/AuNPs GCE N(HNO3) 0.9824 2 µM–19.6 mM 0.5 µM Jeong et al. [55]

Microwave
N-GO/CuO GCE N(urea) 122.336 0.01 mM–10 mM 14.52 µM Rahsepar et al. [31]

S-rGO/CuS GCE/RDE S(Na2S) 429.4 3.88 mM–20.17
mM 0.032 µM Karikalan et al. [56]

2.5. Ultrasensitive Screening of Inhibitors from Natural Products

The established glucose sensor was applied to study the inhibitor of α-amylase, and
the inhibiting ability can be sensitivity reported by the current responsive intensity. As
described in Figure 8, the process of α-amylase inhibition limits glucose production and
ultimately affects the strength of the current response. As one of the commonly used clinical
α-amylase inhibitors, acarbose was tested as a positive drug. As shown in Figure 9a, the
levels of current responsive intensity relative to the doses of the inhibitors after the in-
hibitors were added into the α-amylase reaction mixture. Serials of acarbose concentrations
(1.0 × 10−9 M, 5.0 × 10−8 M, 1.0 × 10−8 M, 5.0 × 10−7 M, 1.0 × 10−7 M, 1.0 × 10−6 M,
1.0 × 10−5 M) were tested with a linear equation of I (%) = 919.426 Cglu + 11.602 and a good
correlation coefficient of 0.997. The developed platform provided a detection of 0.95 nM
at a signal-to-noise ratio of 3, indicating ultra-sensitivity. By calculating the regression
equation, the IC50 values are 48.6 µM. In order to further prove the applicability of the
developed method, five compounds belonging to flavonoids (which was accomplished
through our protein hybrid nanoflower technology) were screened [36]. The results of the
Rhein-8-b-D-glucopyranoside are shown in Figure 10a. It can be seen that our method
can efficiently detect the inhibition ability driven by Rhein-8-b-D-glucopyranoside. The
good linear correlations of I (%) = 1014.056 CRhe + 216.239(R2 = 0.997) were obtained for
Rhein-8-b-D-glucopyranoside, and its limit of detection (LOD) was 1.39 nM. By calculating
the regression equation, the IC50 value of Rhein-8-b-D-glucopyranoside is 39.1 µM. The
IC50 values of acarbose (48.6 µM), Rhein-8-b-D-glucopyranoside (39.1 µM), indicated that
Rhein-8-b-D-glucopyranoside possessed the most powerful inhibiting activity followed by
acarbose. Moreover, the inhibiting ability of acarbose and Rhein-8-b-D-glucopyranoside
were also investigated by the Iodine assay colorimetric method, and results are shown in
Figures 9b and 10b [37]. The above results of the iodine assay colorimetric method power-
fully demonstrate that the new sensing platform is capable of screening α-amylase. Because
α-amylase is an important target in diabetes, these results further verified that the natural
medicines containing Rhein-8-b-D-glucopyranoside often possess anti-diabetes activity.
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2.6. Sensor Repeatability, Selectivity, and Stability

Superior repeatability and stability are critical factors in measuring electrode prepa-
ration success. We examine the stability of the electrode from the following two aspects.
First, five freshly prepared PBA-GO-CuO electrodes were used to measure a 0.2 M NaOH
solution (adding 10.0 mM glucose). The relative standard deviation of the electrode is 2.8%
(n = 5), indicating that the designed and prepared PBA-GO-CuO electrode has excellent
repeatability. Then, one of the electrodes was tested five consecutive times and washed with
distilled water after each test. The relative standard deviation of the measured oxidation
peak was 2.6%. In conclusion, the PBA-GO-CuO electrode prepared using this design
method has good repeatability.

Moreover, the prepared PBA-GO-CuO electrode was stored in the dark for 2 months.
After 2 months, it was used to measure a 0.2 M NaOH solution (10.0 mM glucose added).
The oxidation current peak remained at 96%, signifying that the PBA-GO-CuO electrode
prepared using this design method has excellent stability.

Additionally, some interfering ions, starch, inhibitor, and components in herbal
medicine which may be present in the electrolyte solution were used to influence the
determination results. It was observed that the tested substances had no practical influence
on our detection platform. The high selectivity of the developed method is due to the
specific response of the detection platform.

3. Materials and Methods
3.1. Materials and Apparatus

Graphene oxide aqueous solution (GOs-325, 2 mg/mL, ≥99.9%), 1-pyreneboronic
acid (PBA), copper (II) acetate monohydrate, acarbose (98%), α-amylase (from porcine
pancreas, type VI-B, ≥10 units/mg), soluble starch, potassium hexacyanoferrate (II) tri-
hydrate, potassium hexacyanoferrate (III), D-(+)-glucose, and Nafion dispersion solution
were purchased from Sigma-Aldrich (Sigma-Aldrich, Shanghai Titan Technology Co., Ltd.,
Shanghai, China). Rhubarb was purchased from Jiangxi Zhihetang Chinese Medicine
Decoction Pieces Co., Ltd. (Jiangxi, China, batch numbers 160501 and 160801).

Electrochemical measurements were tested by a CHI800D electrochemical workstation
(Shanghai Chenhua Instrument Co., Ltd., Shanghai, China). All electrochemical experi-
ments were carried out on a three-electrode system, including a bare or modified GCE as
the working electrode (WE)) (prior to surface coating, the GCE was polished carefully with
1.0, 0.3, and 0.05 µm alumina powder, respectively. Then, the polished GCE was cleaned
sequentially with 1:1 HNO3, ethanol, and water by continuous sonication, respectively. The
electrode was allowed to dry at ambient temperature for further use). A Pt piece electrode
was used as the counter electrode (CE), and an Ag/AgCl (3 M KCl) as the reference elec-
trode (RE). All electrodes were purchased from Sigma-Aldrich (Sigma-Aldrich Company,
Shanghai, China). Transmission electron microscopy (TEM) images were obtained by
a Hitachi HT7700 (Shanghai, China), scanning electron microscopy (TEM) images were
recorded by a JEOL JSM-6700 (Shanghai, China), X-ray photoelectron spectroscopy (XPS)
images were recorded by a PHI5000V VersaProbe (Shanghai, China), and Fourier transform
infrared (FTIR) images were recorded by a Nicolet Avatar 370 spectrometer (Jiangsu Skyray
instruments Co., Ltd., Shanghai, China).

3.2. Preparation of PBA-GO-CuO Nanocomposite

CuO, GO-CuO, and PBA-GO-CuO were synthesized according to the reported studies
with minor revisions to boron doping [40]. Then, 175 mg of a 5 mg/mL PBA was added into
35 mL of a 1.5 mg/mL GO suspension by intense agitation for 60 min. Then, the amount
of Cu (CH3COO)2 H2O was added dropwise to allow the copper source to adsorb on the
graphene oxide; subsequently, the as-obtained turbid suspension was transferred into a
high-temperature high-pressure autoclave and subjected to the hydrothermal reduction at
180 ◦C for 12 h. For comparison experiments, both CuO (without adding PBA and GO, the
other steps remained the same) and GO-CuO (replaced PBA and GO with GO, the other
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steps remained the same) were synthesized according to a similar procedure. Afterward,
the resulting dark precipitates were collected by centrifugation and washed with deionized
water. Finally, the purified precipitate was freeze-dried overnight, and the CuO, GO-CuO,
and PBA-GO-CuO were obtained for further characterization and preparation of the sensor.

3.3. Preparation and Measurement of the Glucose Sensor

The modified glassy carbon electrode (GCE) was formed through a conventional
technique. In simple terms, the above-collected PBA-GO-CuO was hand-ground and
dispersed with alcohol to obtain a uniform 5 mg/mL solution. A total of 10 µL of dispersion
was dropped on the surface of a clean GCE and dried at room temperature. Subsequently,
5 µL of 0.1% Nafion solution was dropped on the surface of a GCE and dried at room
temperature to obtain a PBA-GO-CuO-modified electrode, which we labeled PBA-GO-CuO-
GCE. CuO, GO, and GO-CuO were prepared using a similar procedure for comparison.

3.4. Trace α-Amylase Inhibitor Screening from Natural Product

As a typical α-amylase inhibitor, acarbose was employed to verify the feasibility of the
α-amylase inhibitor screening platform. Five natural compounds (i.e., aloe-emodin-8-O-b-
D-glucopyranoside, 6-O-cinnamamoyglucose, L-epicatechin, 2-O-cinnamoyl-1-O-galloy-b-
D-glucose, and Rhein-8-b-D-glucopyranoside) were also screened. Different concentrations
of the tested compounds were prepared by ethanol-water solution (70:30, v/v). The assay
for α-amylase inhibitors was as follows: (1) 0.5 mL of α-amylase (0.1 U/mL) was incubated
in Phosphate Buffer (PBS, pH = 6.8) with different doses of inhibitors, then, 5 mL 30 g/L
soluble starch was added dropwise at 37 ◦C for 20 min, and dried with a flow of N2. The
blank group, negative control group, and positive control group were prepared using a
similar procedure; the glucose content of each reaction system was detected by a glucose
sensor. (2) According to the following calculation formula (Equation (1)) for inhibition
rate, the inhibition rate of each inhibitor and the positive drug acarbose on α-amylase can
be calculated.

I/% =
CB − CD
CB − CA

(1)

where I is the enzyme inhibition rate (%), CA is the glucose concentration (M) measured
in the blank group, CB is the glucose concentration (M) measured in the negative control
group, and CD is the glucose concentration (M) measured in the sample group. The IC50
was calculated from the inhibition rate-concentration curve.

4. Conclusions

In summary, we successfully synthesized a glucose sensor consisting of a PBA-GO-
CuO nanocomposite where the boron doping rate remarkably reaches up to 9.6%, and
the CuO load is ~12.5 wt.%, leading to rich pore structure and high specific surface area.
This sensor acquires an enhanced signal amplification effect, a more comprehensive linear
range (0.1–10 mM), lower detection limit (0.7 µM), higher sensitivity (906 µA mM−1 cm−2),
and lower detection potential (+0.4 V). The prepared sensor application in acarbose and
Rhein’s inhibitory activity measurer has the advantages of easy preparation, charting, and
convenience, providing a reference value and feasible basis for electrochemistry in the
additional calculation and activity verification of traditional Chinese medicine.
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Abstract: The analytical performance of the clay paste electrode and graphene paste electrode was
compared using square wave voltammetry (SWV) and cyclic voltammetry (CV). The comparison
was made on the basis of a paracetamol (PA) determination on both working electrodes. The
influence of pH and SWV parameters was investigated. The linear concentration ranges were found
to be 6.0 × 10−7–3.0 × 10−5 and 2.0 × 10−6–8.0 × 10−5 mol L−1 for clay paste electrode (ClPE)
and graphene paste electrode (GrPE), respectively. The detection and quantification limits were
calculated as 1.4 × 10−7 and 4.7 ×10−7 mol L−1 for ClPE and 3.7 × 10−7 and 1.2 × 10−6 mol L−1 for
GrPE, respectively. Developed methods were successfully applied to pharmaceutical formulations
analyses. Scanning electron microscopy and energy-dispersive X-ray spectroscopy were used to
characterize ClPE and GrPE surfaces. Clay composition was examined with wavelength dispersive
X-ray (WDXRF).

Keywords: square wave voltammetry; paracetamol; graphene; clay; carbon paste electrodes; sensors

1. Introduction

It is well known that chemical sensors are devices that transform chemical information
into an analytically useful signal. Among all the chemical sensors reported in the literature,
electrochemical sensors are the most attractive because of their remarkable sensitivity,
experimental simplicity and low cost. Carbon paste electrodes (CPE) are widely used as
working electrodes for the determination of electrochemically active compounds. Paste
electrodes have received much attention due to their advantages, such as easily renewable
surfaces, inexpensiveness, biocompatibility, and relatively wide potential windows [1–5].
Moreover, the incorporation of modifiers into carbon paste material makes it even more
attractive in electroanalytical applications [6–12]. The performance of chemically modi-
fied carbon paste electrodes depends on the properties of the modifier, which affect the
selectivity of the electrodes, kinetics of an electrochemical reaction, and sometimes even
the electrode reaction product [13,14]. Nowadays, graphene and its derivatives are one
of the most popular working electrodes modifiers used in electrochemical studies [15–19].
Graphene is a two-dimensional, sp2 hybridized carbon sheet, where atoms are arranged
in a honeycomb-shaped lattice [20,21]. Graphene exhibits high thermal conductivity, flexi-
bility, transparency, lightness, and has an extremely high surface area [22–25]. Because of
its interesting properties, graphene has shown great promise in many applications, such
as electronics, energy storage and conversion, and electroanalysis or electrocatalysis [24].
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Graphene paste electrodes are commonly applied in electrochemistry [26–28]. Clays are
minerals dominantly made from a colloid fraction of soils, sediments, rocks and water [29].
Grim et al. described clays as an aggregate of minerals and colloidal substances, which are
made from a stacking of tetrahedral and octahedral sheets interspersed with a space called
the interlayer space. Clay minerals are classified into three families according to the thick-
ness of the sheets, corresponding to a number of tetrahedral and octahedral layers. The gap
between sheets can contain water and ions. The tetrahedral sheets are arranged in hexag-
onal meshes and consist of oxygen tetrahedral surrounding a silicon or aluminum atom.
The octahedral sheets are formed by two planes of oxygens-hydroxyl framing broader
atoms, such as Al, Fe, Mg and Li [30]. Clay, as an electrode modifier, is a less popular
material than, e.g., graphene, although results obtained at such modified electrodes are
exceptional [31–34]. The reason for highly attractive characteristics for electroanalytical pur-
poses are mainly found in the stability of such easily disposable modifiers, both chemical
and mechanical, but are also reasoned due to their strong sorptive properties [35]. There-
fore, clay and its excellent properties may be revealed in high cation and anion exchange
capacity, porosity that imparts changes into the electrical conductivity but also catalytic
activity towards electrochemical processes [36–38]. The not to be missed advantage of the
clay paste electrodes is its extremely low cost, especially when compared to graphene paste
electrodes. The aim of this research is to collate differences and similarities in the analytical
performance of clay paste and graphene paste electrodes.

2. Results and Discussion
2.1. Preliminary Studies

Initially, the surfaces of the prepared working electrodes were examined with a scan-
ning electron microscope. In Figure 1, representative SEM images at low magnification
of the graphene paste and clay paste coatings are presented. The surface texturing of
both coatings is similar. Consecutive SEM images at high magnification are presented in
Figure 2, demonstrating the surfaces in detail. Graphene paste exhibits a layered structure,
mainly based on graphite plates. However, clay paste has a more heterogeneous structure,
showing grains of clay deposited between the graphite plates. The even distribution of
grains in the whole film is observed. The investigation of the chemical composition of each
type of coatings was also performed with the use of the EDX method (presented in detail
in the Supplementary Material). EDX results are in good agreement with data obtained
from the WDXRF analysis.

Figure 1. SEM images of graphene paste electrode (left) and clay paste electrode (right), 1000×.
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Figure 2. SEM images of graphene paste electrode (left) and clay paste electrode (right), 10,000×.

The electroactive surface of ClPE and GrPE was examined with cyclic voltammetry and
a 1.0 mM hexacyanoferrate redox system. The relation between redox peak currents and the
square root of the scan rate was found to be linear and the electroactive surface area was cal-
culated with the Randles–Sevcik equation: Ip = 2.69 × 105 × n3/2 × A × C* × D1/2 × υ1/2,
where Ip refers to the peak current, n is the number of electrons transferred, A is the elec-
troactive surface, D is the diffusion coefficient, υ is the scan rate and C* is the concentration.
A values were found to be 1.07 and 1.03 mm2 for ClPE and GrPE, respectively.

2.2. Voltammetric Studies of Paracetamol

To compare the electroanalytical performance of ClPE and GrPE, paracetamol was
chosen, as its electrochemical behavior was thoroughly investigated by many researchers
in various pH using many kinds of working electrodes [14,39–41]. This makes it possible
to draw up reliable conclusions about observed phenomena. According to the available
literature, two possible paths of the oxidation mechanism of paracetamol are known: the
one-proton mechanism or the two-proton mechanism, depending on the experimental
conditions [39,40,42–44]. First, the one-proton mechanism was proposed by Kang et al.
(2010) [40]. The latter one, the most commonly observed, involves two electrons and two
protons, in which a relatively stable product—N-acetyl-p-benzoquinone-imine (NAPQI)
is generated [39,41–43]. The occurrence of the follow-up chemical reactions of NAPQI
is pH-dependent [39,43]. The electrochemical behavior of paracetamol, on both working
electrodes, was first analyzed with cyclic voltammetry. The dependence of scan rate on
the PA peak currents was investigated. Figure 3 presents cyclic voltammograms of PA
recorded on GrPE and ClPE. As can be seen at both working electrodes, the single anodic
peak is visible. The corresponding cathodic signal is much smaller, which is consistent with
previous reports discussing paracetamol electrochemical behavior [41].

For the clay paste electrode, it was observed that the logarithm of the peak current
is linearly proportional to the logarithm of the scan rate (slope = 0.97), indicating an
adsorption-controlled electrode reaction (Figure 3A, right inset). This was confirmed by a
linear correlation between the PA peak current and the scan rate (Figure 3A, left inset). For
graphene paste, electrode adsorption was not observed as the PA peak current was linearly
dependent on the square root of the scan rate (Figure 3B, left inset), and the dependence
between the logarithm of the peak current and logarithm of the scan rate gave a slope
of 0.44 (Figure 3B, right inset), which is close to a theoretical value of 0.5—characteristic
for electrode reactions controlled by depolarizer diffusion. Observed differences are in
good agreement with previous reports, where it was proven that the paracetamol electrode
reaction is dependent on the working electrode surface and material [14,44]. Next, as
supporting electrolyte composition may significantly affect the electrochemical behavior
of electroactive compounds, the effect of supporting electrolyte pH on PA peak currents
was investigated. For this purpose, BR buffers pH 2.0–10.0 were chosen. Similar behavior
of paracetamol was observed for both working electrodes. The PA peak current increased
with pH to reach the maximum at pH 3.0 on both electrodes and then decreased. At higher
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pH values (pH ≥ 7), neither the peak currents nor the peak potentials were stable, thus
results obtained in pH 7 and higher were not taken into account in further data analyses.
Dependences between the PA peak currents and pH of Britton–Robinson buffer obtained
on both working electrodes are shown in Figure 4. Based on these dependencies, in order
to obtain the highest PA response, BR buffer pH 3.0 was chosen as the optimum supporting
electrolyte and used in further studies with both working electrodes. Together, with the
peak current, the paracetamol peak potential was also checked, as it frequently is pH-
dependent. The PA peak potentials shifted toward less positive values with an increase in
the pH for both electrodes. Dependences between the paracetamol peak potentials and pH
of the BR buffer were linear for ClPE and GrPE, and could be described using the following
equations: Ep = −0.046 pH + 0.817, and Ep = −0.048 pH + 0.833, respectively (as can be
seen in the inset of Figure 4).

Figure 3. Cyclic voltammograms (scan rate 50 mV × s−1) of 1.0 × 10−5 mol L−1 PA were recorded
on ClPE (A) and GrPE (B). Insets: the relationship between PA peak current and scan rate (A-left) or
the square root of scan rate (B-left); the relationship between the logarithm of PA peak current and
logarithm of scan rate (A-right, B-right).

Figure 4. Dependence between PA peak currents and pH of BR buffer for ClPE (A) and GrPE (B).
Insets: dependence between PA peak potentials and pH of BR buffer.

As SWV parameters are interrelated and exert a combined effect on the registered peak
currents, in the next experimental step, the influence of SW amplitude, step potential, and
frequency on PA signals was studied for ClPE and GrPE. Amplitude (∆E), step potential
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(∆Es), and frequency (f ) were evaluated in the range of 10–100 mV, 3–21 mV, and 10–100 Hz,
respectively. In the case of ClPE, the parabolic dependence of the amplitude on PA signals
was observed, the peak current increased from 10 mV to 40 mV, and then decreased. The
best results were obtained at 40 mV, and thus this value of amplitude was adopted in
subsequent studies. Similarly, a parabolic dependence was observed for frequency analysis,
the best-shaped peaks were obtained at 70 Hz. Consequently, 70 Hz was selected for further
investigations. Finally, the step potential was evaluated at a whole examined range of
step potentials. The PA signals increased with the increase of the ∆Es value, but obtained
voltammograms were angularly shaped above 7 mV, thus in further studies, a step potential
of 7 mV was applied. In the case of GrPE, the effect of amplitude was as follows: the PA
peak currents increased from 10 mV to 70 mV, and then a non-linear growth of the peak
(plateau) was observed. Therefore, an ∆E value of 70 mV was adopted in further studies.
The observed PA signals increased with the increasing of f and ∆Es values at a whole range
of frequency and step potential variations. However, a significant deterioration of the peak
shape was observed above 30 Hz and 7 mV, thus those values were chosen for subsequent
investigations. To summarize, the optimized SW parameters, which were selected with
respect to the height and shape of PA signals, were as follows: ∆E = 40 mV, f = 70 Hz,
∆Es = 7 mV and ∆E = 70 mV, f = 30 Hz, ∆Es = 7 mV, for ClPE and GrPE, respectively.

Next, the calibration curve was constructed under optimized SWV parameters. The
peak current of PA was found to increase linearly with concentration from 6.0 × 10−7 to
3.0 × 10−5 mol L−1 for ClPE (Figure 5A) and from 2.0 × 10−6 to 8.0 × 10−5 mol L−1 for
GrPE (Figure 5B).

Figure 5. Voltammograms of PA recorded on the ClPE (A) and GrPE (B). (A): (a) 6.0 × 10−7 mol L−1,
(b) 1.0 × 10−6 mol L−1, (c) 2.0 × 10−6 mol L−1, (d) 4.0 × 10−6 mol L−1, (e) 8.0 × 10−6 mol L−1,
(f) 1.0 × 10−5 mol L−1, (g) 2.0 × 10−5 mol L−1, (h) 3.0 × 10−5 mol L−1; (B): (a) 4.0 × 10−6 mol L−1,
(b) 6.0 ×10−6 mol L−1, (c) 8.0 × 10−6 mol L−1, (d) 1.0 × 10−5 mol L−1, (e) 2.0 × 10−5 mol L−1,
(f) 4.0 × 10−5 mol L−1, (g) 6.0 × 10−5 mol L−1, (h) 8.0 × 10−5 mol L−1. Insets: Corresponding
calibration curves.

The linear regression equations can be expressed as:

for ClPE: Ip (µA) = 0.83 × CPA + 1.56× 10−7, (1)

for GrPE: Ip (µA) = 0.092 × CPA + 2.18 × 10−7. (2)

The limit of detection (LOD) and limit of quantification (LOQ) were calculated from
the calibration curves as k·SD/b, where: k = 3 for LOD, k = 10 for LOQ, SD is the standard
deviation of the intercept, b is the slope of the calibration curve. The regression parameters
for the calibration curves are listed in Table 1. To characterize the reproducibility and
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stability of the procedure, inter- and intra-day measurements were performed in a solution
containing 5.0 × 10−6 mol L−1 of paracetamol on both working electrodes. The relative
standard deviation (RSD) of the voltammetric responses for five repeated detections on the
ClPE electrode was 3.0%, whereas, on the GrPE, it was 4.9%. The intra-day reproducibility
of the ClPE and GrPE toward PA detection was investigated at the same molar concentration
as paracetamol. The relative standard deviation in the peak current for 10 successive assays
was 7.8% and 5.2%, respectively.

Table 1. Regression parameters for determination of PA on ClPE and GrPE, n = 3.

Electrode Clay Paste Electrode Graphene Paste Electrode

Linear range (mol L−1) 6.0 × 10−7–3.0 × 10−5 2.0 × 10−6–8.0 × 10−5

Correlation coefficient R2 0.998 0.997

LOD (mol L−1) 1.4 × 10−7 3.7 × 10−7

LOQ (mol L−1) 4.7 ×10−7 1.2 × 10−6

Although the linear range length is comparable for both electrodes, the linearity
observed for ClPE is shifted towards lower concentrations. Therefore, ClPE is a more
sensitive sensor towards PA determination. Developed methods were successfully applied
for the determination of PA in pharmaceutical formulations. Pharmaceutical formulations
containing paracetamol (Paracetamol LG and Paracetamol Polfa) were purchased in a
local pharmacy. The PA determination was performed by square wave voltammetry using
the standard addition method. As presented in Table 2, no significant differences were
observed between the values found by the SWV method and those declared by the producer.
However, it is worth noting that results obtained on clay paste electrodes are characterized
by a much smaller scatter.

Table 2. Determination of PA in commercial formulations, n = 3.

Clay Paste Electrode

Paracetamol LG Paracetamol Polfa
Content given (mg) 500.0 500.0

Content found (mg) 480.8 ± 18.0 476.1 ± 23.8

Recovery (%) 96.2 95.2

Graphene Paste Electrode

Paracetamol LG Paracetamol Polfa
Content given (mg) 500.0 500.0

Content found (mg) 481.0 ± 47.5 524.6 ± 42.2

Recovery (%) 96.2 104.9

3. Materials and Methods
3.1. Apparatus

The voltammetric experiments were performed using an EmStat3 potentiostat (Palm-
Sens, Houten, The Netherlands) with an M164 electrode stand (mtm-Anko, Krakow,
Poland). All measurements were carried out with a classical three-electrode system and
a glass cell of 10 mL volume. A platinum wire and Ag/AgCl (3 mol L−1 KCl) were used
as the auxiliary and reference electrodes, respectively. Clay paste and graphene paste
electrodes were used as the working electrodes. The pH measurements were done using a
CP-315 M pH-meter (Elmetron, Zabrze, Poland) with a combined glass electrode. Water
was demineralized by means of PURALAB UHQ (made by Elga LabWater, High Wycombe,
UK). For microscopic characterization, clay paste and graphene paste were spread onto
SEM stubs covered with carbon conductive adhesive tape. SEM images were recorded by a
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field emission scanning microscope FEI NovaNano SEM 450 using a conventional Everhar–
Thornley SE detector (ETD) for 1000×magnification and a thorough lens detector (TLD)
in immersion mode for 10,000×magnification. An energy-dispersive X-ray spectroscopy
(EDX) was carried out with EDAX TEAM equipped with an EDS Octane Pro detector. Spec-
trophotometric measurements were made using a Cary 100 Bio UV-Vis spectrophotometer
(Agilent). The elemental composition of graphene was analyzed with a Vario MICRO cube:
elemental analyzer. The elemental composition of clay powder was examined with the
WDXRF spectrometer Panalytical AxiosmAX (lamp Rh-SST–mAX, 4 kW).

3.2. Solutions and Materials

All chemicals used in the experiments were of analytical grade and used without fur-
ther purification. Paracetamol, ferricyanide and all chemicals used for buffers preparation
were from Sigma Aldrich (Darmstadt, Germany). Materials used for paste preparation were
purchased from Graphene Supermarket (graphite and graphene nanopowder) and Green
Club Pharmacy (raw Australian red clay). All water solutions were prepared using distilled
and deionized water. Graphene nanopowder was analyzed by combustion analysis (carbon
content >99.7%) and UV-VIS spectrometry where one single absorption band at 270 nm was
observed (this peak is characteristic for graphene materials and corresponds to the π→π*
transition of the C–C bond of the hexagonal carbon ring). The clay elemental composition
was tested with a WDXRF spectrometer (page 6 in Supplementary Material).

3.3. Preparation of Working Electrodes

The body of the carbon paste electrode consisted of a Teflon rod (outer diameter of
12 mm) with a horizontal channel (diameter of 4 mm) for the carbon paste filling and metal
contact. The paste was prepared by thoroughly (t = 20 min.) hand-mixing 500.0 mg of
clay or graphene with 500.0 mg of carbon powder and 0.3 mL of paraffin oil. Before each
experiment, the surface of the electrode was refreshed by squeezing out a small portion of
paste and polishing it with wet filter paper until a smooth surface was obtained.

3.4. Voltammetric Procedure

All voltammetric measurements were carried out at ambient temperature. The general
procedure used to obtain square wave (SW) or cyclic (CV) voltammograms was as follows:
10 mL of a supporting electrolyte was transferred to the electrochemical cell. After recording
an initial blank, the required volumes of the analyte were added using a micropipette.
Then, a sample voltammogram was recorded. For SWV, optimized parameters (amplitude
(∆E), frequency (f ), and step potential (∆Es)) were used.

3.5. Analysis of Pharmaceutical Formulations

Commercial tablets of PA (Paracetamol Laboratorium Galenowe and Paracetamol
Polfa) were obtained from a local pharmacy (Lodz, Poland). Each tablet contained 500 mg
of paracetamol. The pharmaceuticals were prepared by the following procedure. The
tablets were accurately weighed and carefully grounded in a mortar. Then, the appropriate
amount of the powder was placed in a volumetric flask and filled to volume with distilled
and deionized water.

4. Conclusions

This paper presents an electroanalytical comparison between the clay paste electrode
and the graphene paste electrode. This comparison was made on the basis of a paracetamol
determination. For both working electrodes, the supporting electrolyte composition and
SW parameters were optimized. In optimal conditions, calibration curves were estimated.
Based on the obtained results, it can be concluded that, in general, ClPE and GrPE exhibit
similar analytical performance, but clay paste electrodes exhibit a higher sensitivity towards
the PA determination, expressed in LOD and LOQ values. Using developed methods, the
determination of paracetamol in pharmaceutical formulations was possible with very good
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recovery on ClPE, as well as on GrPE, however a much smaller data scatter was observed on
clay paste electrode. Answering the question “do we really need expensive nanomaterials?”
it has to be stated that in comparison to graphene paste electrodes, clay paste electrodes
exhibited similar electroactive area and surface morphology, and as mentioned above,
improved analytical performance toward paracetamol detection. Moreover, clay paste
is a hundred times cheaper than graphene paste. In conclusion, in the authors’ opinion,
graphene is undoubtedly an excellent and very promising material but we scientists should
always remain open-minded. As shown in this paper, the most expensive and popular
materials do not guarantee the best results. Sometimes, ordinary materials serve with a
comparable or even higher performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27072037/s1, EDX analysis of clay paste—Analysis
no.1; EDX analysis of clay paste—Analysis no.2; EDX analysis of graphene paste; XRF analysis of
clay powder.
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Abstract: Flexible and economic sensor devices are the focus of increasing interest for their potential
and wide applications in medicine, food analysis, pollution, water quality, etc. In these areas, the
possibility of using stable, reproducible, and pocket devices can simplify the acquisition of data.
Among recent prototypes, sensors based on laser-induced graphene (LIGE) on Kapton represent a
feasible choice. In particular, LIGE devices are also exploited as electrodes for sensing in liquids.
Despite a characterization with electrochemical (EC) methods in the literature, a closer comparison
with traditional graphite electrodes is still missing. In this study, we combine atomic force microscopy
with an EC cell (EC-AFM) to study, in situ, electrode oxidation reactions when LIGE or other
graphite samples are used as anodes inside an acid electrolyte. This investigation shows the quality
and performance of the LIGE electrode with respect to other samples. Finally, an ex situ Raman
spectroscopy analysis allows a detailed chemical analysis of the employed electrodes.

Keywords: laser-induced graphene; Kapton; graphite foils; graphite; EC-AFM; Raman spectroscopy

1. Introduction

The development of portable, low-cost, and effective devices has been increasing over
the past few decades [1,2]. Among the different applications, electrochemical biosensors,
e.g., neurotransmitters or non-enzymatic glucose sensors, have received large interest
due to their high sensitivity and selectivity, easy miniaturization, efficiency, and ease of
use [3–11]. The commercial versions of combined electrode systems are typically based
on carbon or carbon-based materials (e.g., glassy carbon, carbon nanosheet electrodes,
etc.) that have good electrical properties and are very handy materials [12–14]. These
systems are usually modified with metal nanoparticles, carbon nanotubes, or graphene in
order to reach the best parameters, such as faster electron transfer kinetics, low residual
current, and excellent thermal conductivity [15,16]. Supercapacitors have a long history
that has seen the employment of various carbon-electrode-based solid-state devices up to
the development of their miniaturized form, known as micro-supercapacitors [17]. The
rapid growth of portable electronics, remote control systems, radio-frequency detectors,
and micro-electro-mechanical systems has significantly increased the need for device
miniaturization [18–20]. Currently, their potential is becoming more evident with respect
to a fast charging–discharging rate, a long cycling life, flexibility, and shape diversity,
together with their functional convenient size and their lightweight [21,22]. In addition,
global climate change calls for the urgent development of carbon-neutral and renewable-
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energy rechargeable devices, such as batteries, and hybrid technologies, including electric
vehicles [23–26].

One of the current trends foresees the exposure of carbonaceous substrates to intense
laser beams, which both reduces substrate thickness (down to a multi-layered graphene
system) and increases the porous density of the original structure (three-dimensional (3D)
porous graphene). In fact, the intense laser beam burns the pristine substrate and removes
part of its mass. At the same time, the surface graphitization increases the number of
defects, holes, and pores or, generally speaking, the surface’s roughness [27–29]. This
process acts as one-step, scalable printing to produce carbon-based electrodes patterning
on a stretchable and flexible platform [30]. It is widely known how the electric properties of
graphene change depending on the stacking of layers [31,32]. Graphene is a one-atom-thick,
bi-dimensional (2D) carbon sheet with carbon atoms arranged in a honeycomb lattice. The
hexagonally sp2-bonded carbon atoms arrange to reach very high thermal conductivity
(≈5000 Wm−1K−1), mobility (≈10,000 cm2V−1s−1), and surface area (2630 m2g−1). With
the aim of forming sensing prototypes, some of the other primary advantages of graphene
include a high Young’s modulus and high optical transparency in the visible wavelength
range [33,34]. Three-dimensional, or multilayered, graphene is a sort of compromise
between thick graphite and a single graphene layer that, however, can be exploited for
producing portable and flexible energy storage devices. In particular, 3D porous graphene
presents better mechanical stability and higher catalytic activity [35]. It is well known
from the literature that graphene can be fabricated by a large variety of methods, such
as chemical exfoliation of graphite and chemical vapor deposition (CVD). Nevertheless,
these production techniques can be quite expensive or can have some disadvantages: CVD
needs a high amount of energy, and the mechanical exfoliation process yields a low-quality
graphene product with some forms of defects, e.g., microscopic corrugation [36]. Moreover,
the carbon-based electrochemical devices available in the market are normally fabricated
by lithography, e.g., photolithography, dry etching, or film transfer; all these techniques
have a high production cost and require consistent time-consuming procedures [37,38]. To
make the best laser-pattern process, it is usually necessary to combine a conductive matrix,
e.g., graphene, with suitable flexible material as the substrate, such as polyurethane or
polyimide, to form a novel composite [39].

In this regard, in 2014, laser-induced porous 3D graphene was synthesized on poly-
mers by Lin et al. [40]. In this novel one-step process, the porous graphene film was
patterned by pointing a CO2 laser onto a commercial polyimide foil in an ambient environ-
ment. No baking step nor need of materials, other than polyimide foil, were required [41,42].
Among the different carbon-containing materials, the first material used as a precursor was
Kapton, a classic polyimide developed in the 1960s by DuPont. Polyimides (C22H10O5N2)
have been massively produced since 1955; they are lightweight, flexible, resistant to heat
and chemicals, and they show natural structural anisotropy due to the preferential orienta-
tion of the polymer chains obtained during the manufacturing process. Kapton exhibits
excellent physical properties and is exploited as an electrical and thermal insulator in
harsh environments [43]. In the photothermal conversion process, lasing causes the propa-
gation of a high degree of lattice vibrations through the precursor material, resulting in
localized heating; meanwhile, sp3 carbon atoms are converted into a sp2 hybridization
and C−N, C−O, C−H, and C=O bonds dissociate [44]. Laser-induced graphene’s (LIGE)
foam-like morphology has a direct influence on electron transfer kinetics enhancement (in-
creased surface-to-volume ratio): The 3D porosity formed during the laser scribing process
contributes to faster electron transfer rates [45,46]. The resulting product (LIGE) shows
similar properties as commercial graphene but a higher porosity with respect to pristine
graphene, which eases the adsorption of ions, influencing the sensitivity and selectivity of
the systems [47].

The aim of this study is to compare the behavior of traditional electrodes, such as
graphite electrodes (namely, Highly Oriented Pyrolytic Graphite (HOPG), graphite foil,
and glassy carbon) and the innovative LIGE electrode. The electrode behavior was studied
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when specimens were immersed in a 1 M sulfuric (H2SO4) electrolyte in which the main
electrochemical characteristics in graphite electrodes are known. In order to achieve
this goal, by combining an electrochemical Atomic Force Microscope (EC-AFM) and ex
situ Raman spectroscopy measures, we performed a detailed analysis of the employed
electrodes in a liquid environment to study the electrode oxidation reaction and compared
the obtained results.

2. Results and Discussion
2.1. EC Characterization

In Figure 1, we report the EC analysis of our electrodes when immersed in 1 M H2SO4
electrolytes. The panel shows the acquired cyclic-voltammetry (CV), i.e., a voltammogram
of the flowing faradaic current (y-axis) when a potential (x-axis) is applied to the sample
(working electrode, WE).
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Figure 1. Cyclic-voltammetry acquired on the four exploited electrodes: (a) HOPG; (b) graphite foil;
(c) glassy carbon; and (d) LIGE.

Figure 1a refers to the well-studied HOPG CV, where shoulders appear as soon as
a higher EC potential with respect to the oxygen evolution reaction (OER) is applied
to the WE [48]. These features are related to the solvated anion intercalation inside the
graphite basal plane. The anodic exchange charge is about 20 µC. During the cathodic
potential sweep, a negative current is measured. The latter is traditionally referred to
as a partial de-intercalation process that is probably coupled with other processes still
under discussion [49]. Anion intercalation changes graphite crystal structures because
solvated anions are tidily interposed between the graphite layers (graphite intercalated
compound, GIC) [50]. The overall interpretative model was developed by Goss and co-
workers at the beginning of the 1990s [51]. According to this model, solvate anions can
diffuse inside HOPG-stratified crystal structures through surface defects, such as steps and
holes. However, following recent results obtained in our research, acid electrolytes are
able to dissolve the graphite basal plane, thus increasing the defects and allowing solvated
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anions to easily enter the HOPG bulk [48]. When the OER is reached, gases (namely, CO,
CO2, and O2) also evolve inside the HOPG’s bulk. Here, they can produce intense pressures
that are able to swell the basal plane and create blisters on the surface. As a consequence of
the detailed knowledge of these processes in HOPG electrodes, we propose this electrode
dynamic as a model to interpret results collected on other carbonaceous samples [52].

When graphite foil (GF) was employed, the faradaic current intensity was higher,
which is reasonably due to the presence of many defects on the GF surface (see Figure 1b).
These defects are preferential sites for electrolyte intercalation. In addition, the effective
electrode roughness was higher with respect to the HOPG’s basal plane and, consequently,
the electrode surface was exposed to the electrolyte. We observed that two peaks (oxidation
and reduction) were placed between −0.25 V and 0.0 V (vs. PtQRef). The exchanged anodic
(cathodic) charge was approximately 180 µC (240 µC), almost an order of magnitude higher
with respect to the anodic charge exchanged in the HOPG intercalation process. These
voltammetric features, which can be attributed to the presence of oxygen compounds,
intruded the GF sample through possible pores [53]. The intense faradaic current during
the anodic evolution suggests possible anion intercalation inside the foil. However, the
cathodic sweep was significantly different with respect to the HOPG voltammogram. In
contrast to the HOPG electrode, gases produced at the OER can be eliminated through the
pores and defects present in the GF.

Glassy carbon (GC) was produced from pyrolysis of furfuryl alcohol, phenolic resins,
and similar polymers under heating up to 3000 ◦C. The obtained system was not graphi-
tizable, i.e., it was not possible to convert the GC into crystalline graphite. The sample
combined mechanical properties close to those of ceramics and glass. The local structure
was made up almost completely of sp2-bonded carbon atoms. As a consequence of the
GC vitreous behavior, the EC performance of this electrode demonstrated faradaic current
intensity enhancement due to the OER without any other feature or the presence of a
negative (cathodic) current (see Figure 1c). In these conditions, anion intercalation was
precluded, and the voltammogram showed an almost superimposable anodic and cathodic
sweep. No de-intercalation features were detected at negative faradaic currents, confirming
the picture of a very inert electrode.

The LIGE electrode CV is shown in Figure 1d. Interestingly, we observed a partial
similarity with the GF CV. In fact, two features, placed between −0.5 V and 0.0 V, appeared
in the CV. The anodic (cathodic)-exchanged charge was approximately 390 µC (264 µC),
about a factor of 2 higher with respect to the GF. Considering both these similarities and
the high surface roughness (a consequence of the Kapton burning process), we speculate
that the GF CV interpretation, in terms of a significant presence of oxygen compounds, is
also reasonable for the LIGE electrode. The similarity of the LIGE voltammogram with that
reported for the GF suggests that, as in the previous case, anion intercalation enhances the
faradaic current during the anodic sweep, but the high porosity and defect density allow
gases to move out from the buried LIGE layers, without any particular signature in the
voltammogram. Finally, we observed that, in Figure 1d, four CVs were reported. Their
perfect superposition directly shows the stability of the LIGE electrode during subsequent
EC treatments.

2.2. EC-AFM Characterization

In Figure 2, we report the topographic images acquired for HOPG (panels Figure 2a,b),
GF (Figure 2c,d), and GC (Figure 2e,f) electrodes. Panels a, c, and e refer to pristine
electrodes while the other panels refer to the sample after one CV in sulfuric acid electrolyte
(see Figure 1).
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Figure 2. AFM images of the used electrodes before (HOPG (a); GF (c); GC (e)) and after (HOPG (b);
GF (d); GC (f)) the EC treatment.

HOPG (see Figure 2a) was characterized by flat terraces and sharp step edges. The
situation significantly changed after the intercalation process [50]: Clear blisters (Figure 2b),
a consequence of the entrapped gas deformation of the basal plane, were visible close to or
on the step edges. The latter were preferential regions of solvated ion intercalation [50,51].

GF is shown in Figure 2c. The surface morphology appeared as the superposition of
different thin graphite layers. Many steps, defects, and pores were observed in the image.
Consequently, the expected gas evolution during the anodic sweep in acid electrolytes could
find more paths for its outflow, as discussed above. This hypothesis is well supported by the
AFM image acquired after the CV treatment (see Figure 2d). The roughness undoubtedly
increased, probably due to swelling of some GF regions, but blisters (at least, as defined for
HOPG) were not clearly visible in the acquired topography. The general behavior recalls a
carbonaceous surface after a partial dissolution. This process is indeed observed on HOPG
and reported by the authors [48].

The GC electrode was very stable. The surface topography did not show signifi-
cant changes between the pristine and used electrode (see Figure 2e,f). The former was
characterized by relatively small particles and valleys that were randomly distributed
as a consequence of the GC industrial production. The electrode’s surface, after the EC
treatment, appeared more uniform in which particles did not have a clear contrast. This
effect was obviously due to the sulfuric acid electrolytes but, when working as an electrode,
the GC surface did not show blisters, swelled areas, or holes as a consequence of the carbon
dissolution, as already reported by the authors [48,52]. This result is reasonable when
considering the mechanical properties of the GC as reported above.

LIGE required a different morphological analysis. In fact, while Kapton can be charac-
terized by AFM, the LIGE electrode presented many difficulties due to the high surface
roughness. For this reason and in view of completeness, we decided to compare Kapton
morphology (see Figure 3a) with its topography after laser burning (b). In order to avoid
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very high rough regions, the reported AFM image (Figure 3b) refers to an area where the
original Kapton was still partially visible.
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Kapton morphology (Figure 3a) was basically flat, even if it were possible to observe
scratches or bumps that are possible after industrial production. The topography of the
partially burnt sample significantly changed: the roughness immediately increased, and
AFM images were possible only at reduced areas (2 × 2 µm2). Here, many roundish objects
characterized the surface. The morphology was compatible with processes of polymer laser
melting, which can sometimes produce periodic structures [54]. From this result, it is clear
that an AFM acquisition of the total burnt Kapton sample was not possible. However, this
analysis suggests that the expected increased number of defects and pores precludes any
gas encapsulation (blister evolution) during the anodic sweep, which is in close agreement
with the GF behavior.

2.3. Raman Spectroscopy Characterization

In Figure 4, we show the Raman spectra of the electrodes before (Figure 4a) and after
(Figure 4b) the electrochemical process in 1M H2SO4. According to the literature [49,55], the
pristine HOPG spectrum, the main reference for Raman spectroscopy evolution as a func-
tion of the EC treatment, highlights only one peak (G-peak) at approximately 1581 cm−1

(Figure 4a). The presence of only the G-peak is a consequence of a carbon crystal possessing
sp2 C–C bonds.
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Surprisingly, the pristine GF Raman spectrum is mainly characterized by only the
G-peak. Only a smaller feature, placed at approximately 1330 cm−1, appears in the data.
The latter, when investigated in other carbon compounds (see below), is labeled as the
D-peak, and it is generally related to the presence of structural alterations in the graphitic
structure. As a consequence, despite having more steps and defects that can enhance the
faradaic current in CV (see above), the GF is characterized by a local structural behavior
superimposable to the HOPG structure. Considering that the GF production foresees the
mechanical compression of HOPG grains, the GF Raman spectrum reported in Figure 4a
is expected.

Conversely, the GC sample is prepared by following a high-temperature process (see
above) that significantly enhances the crystal structure. The Raman spectrum is, thus,
characterized by a significant D-peak for which its intensity is higher than the G-peak. In
addition, the latter feature is also broader with respect to the crystalline HOPG spectrum,
in agreement with the GC structural properties.

The Kapton Raman spectrum did not show any signal in the region of interest while,
when burned by the laser beam (LIGE), two features appeared in the same spectrum
positions of the G-peaks and D-peaks. The close agreement between the GC and LIGE
Raman spectra suggests that the burned Kapton is characterized by a disordered graphitic
structure for which its D-peak has a higher intensity with respect to the G-peak and the
latter has a wider line shape with respect to the crystalline HOPG sample.

The HOPG electrode was analyzed by Raman spectroscopy after EC treatment (see
Figure 4b). Following the results reported by the authors in reference [49], the evolution of
blisters and the general detriment of graphite basal plane allow the evolution of a D-peak
(smaller with respect to the G-peak) and a second feature (Gi) at higher Raman shift (about
1610 cm−1) strictly related to the chemical action of the intercalated acid. The Gi peak is
a specific characteristic of the intercalated HOPG electrode and was not observed in any
other sample.

The effect of the EC treatment was also clearly visible on the GF sample. While the
G-peak seemed to be almost unaltered, the D-peak was more pronounced in the spectrum,
suggesting that part of the GF surface underwent a detriment that was also visible in the
AFM image (see Figure 2d).

The non-reactive behavior of the GC electrode was proved by the Raman analysis.
A fast comparison between Figure 4a,b revealed that the spectra were superimposable.
The stability of the GC sample was also confirmed by previous topographic analyses and
justifies the acquired CV in Figure 1.

The LIGE electrode showed modified features after the EC treatment. In contrast to the
GC electrode, the D-peak of the LIGE sample became broader with respect to the pristine
sample, suggesting some changes (chemical and/or physical, as a disorder enhancement) in
the burned Kapton region. The signal-to-noise ratio decreased substantially probably due
to the fact that the uppermost part of the LIGE was mechanically removed after immersion
inside the EC cell.

3. Materials and Methods

Different samples [(25 × 25 × 1) mm3] have been exploited in this work. Their active
surface, when used as electrodes, is 0.2 cm2 in order to avoid high faradaic current intensities:

(i) The Z-grade highly oriented pyrolytic graphite (HOPG) was acquired from Opti-
graph and was mechanically exfoliated before each experiment by means of an
adhesive tape.

(ii) Graphite foil and glassy carbon samples were provided by Goodfellow. The samples
were cleaned in ethanol and deionized water before their employment.

(iii) A Trotec Speedy 100 laser cutter (Trotec Laser Inc., Marchtrenk, Austria) was used
for producing porous graphene films using Kapton, a commercial polymer film [40].
Graphene production was a result of the conversion of the sp3 carbon atoms in the
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Kapton into sp2 carbon atoms by pulsed laser irradiation. Laser cutter parameters are
found in reference [56].

The electrolyte was prepared by diluting a H2SO4 solution (95–97% w/w, Merck
Darmstadt, Germany) to obtain a 1 M concentration. Before filling the EC cell, the electrolyte
was de-aerated by bubbling pure Ar in a Squibb separator funnel for some hours.

The homemade EC cell was made in Teflon and was placed above the sample, which
was the working electrode (WE) of our system. In order to avoid solvent leakages, a Viton
O-ring was interposed between the cell and the sample.

In addition to the WE, two Pt wires were inserted inside the EC cell: one wire, which
turns around the overall cell, played the role of the counter electrode (CE) while the head
of the second wire was used as a reference electrode (RE). More precisely, the latter was
a quasi-reference because it did not exploit a redox couple. Nonetheless, the platinum
quasi-reference (Pt-QRef) ensures good stability (within a few mV) when immersed in
acid electrolytes, and a stable EC potential shift (+740 mV) with respect to the standard
hydrogen electrode [50].

AFM images were collected by a commercial Keysight 5500 model. According to
the sample’s surface roughness and/or solid electrolyte interface evolution, the selected
acquisition mode was contact or non-contact. In the former case, a constant laser deflection
was used during the tip approach while, for the latter, a resonance frequency of about
130 kHz was found.

Raman spectroscopy was conducted ex situ before and after EC analysis. The samples
were placed under a Nikon Eclipse Ni microscope of an NT-MDT Confotec NR500 confocal
Raman spectrometer. A 632.8 nm laser (of approximately 23 mW) was exploited as an
excitation source. The light was focused by a 100× objective directly on the sample. Here,
the measured laser power was 5 mW because of multiple reflections of the laser beam on
mirrors. Moreover, we carefully checked that no heating or surface damages to the samples
were induced by the laser. The spectra were recorded with multiple scans, integrating the
signal for an overall time that changed for each sample in order to optimize the spectrum.

4. Conclusions

Laser-induced graphene film on Kapton substrate represents an innovative, economic,
and technologically important procedure for obtaining conductive circuits or electrodes on
flexible materials (such as Kapton foils). In the Introduction of this study, we summarized
the wide literature produced in recent years where these innovative devices have been
successfully employed. Kapton foils have also found applications as electrodes (LIGE), and
their EC characterization has been reported in the literature. Despite this fact, a comparative
analysis of the LIGE performances with respect to other carbon-based electrodes is still
missing. In this study, we reported an EC, microscopic (namely AFM), and spectroscopic
(Raman technique) investigation of four electrodes (HOPG, graphite foil, glassy carbon,
and LIGE) when immersed and used in a sulfuric electrolyte. HOPG is considered a
model system because the intercalation processes observed on the electrode surface, when
the oxygen evolution reaction is reached, are well reported in the literature and by the
authors. Glassy carbon is a widely used electrode by comparison, due to its mechanical
and chemical stability in corrosive environments. On the other hand, graphite foil has been
exploited as a technological electrode in modern Li-batteries since its production is quite
economic but, more importantly, it is a flexible electrode. LIGE was then compared to the
above-mentioned electrodes to test its characteristics in analogous conditions.

The result of our study, summarized in Table 1, proves the stability of LIGE in acid
electrolytes, a similarity in CV analysis (in particular with the graphite foil), and Raman
features that recall what was observed on the glassy carbon electrode. In summary, LIGE
collects the important and significant behaviors of the other carbonaceous electrodes and
thus represents a concrete alternative in many innovative applications.
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Table 1. Comparison table between HOPG, GF, GC and LIGE features.

Electrode Cyclic-Voltammetry AFM Raman

HOPG
intercalation and
de-intercalation

features

blister evolution after anion
intercalation

evolution of D and Gi
peaks after the EC

treatment

GF oxidation and
reduction peaks surface swelling and pores only D peak appearance

after the CV

GC no specific features no significant changes
related to the EC treatment

stable D and G peaks
before and after the EC

treatment

LIGE oxidation and
reduction peaks too rough surface

stable D and G peaks
before and after the EC

treatment
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Abstract: Graphene/noble metal substrates for surface enhanced RAMAN scattering (SERS) pos-
sess synergistically improved performance, due to the strong chemical enhancement mechanism
accounted to graphene and the electromagnetic mechanism raised from the metal nanoparticles.
However, only the effect of noble metal nanoparticles characteristics on the SERS performance was
studied so far. In attempts to bring a light to the effect of quality of graphene, in this work, two
different graphene oxides were selected, slightly oxidized GOS (20%) with low aspect ratio (1000)
and highly oxidized (50%) GOG with high aspect ratio (14,000). GO and precursors for noble metal
nanoparticles (NP) simultaneous were reduced, resulting in rGO decorated with AgNPs and AuNPs.
The graphene characteristics affected the size, shape, and packing of nanoparticles. The oxygen
functionalities actuated as nucleation sites for AgNPs, thus GOG was decorated with higher number
and smaller size AgNPs than GOS. Oppositely, AuNPs preferred bare graphene surface, thus GOS
was covered with smaller size, densely packed nanoparticles, resulting in the best SERS performance.
Fluorescein in concentration of 10−7 M was detected with enhancement factor of 82 × 104. This work
demonstrates that selection of graphene is additional tool toward powerful SERS substrates.

Keywords: graphene aspect ratio; reduced graphene oxide; silver nanoparticles; gold nanoparticles;
SERS

1. Introduction

Because of the graphene unique features, such as high electron mobility and high sur-
face area, followed by exceptional mechanical, thermal, and electrical properties, it attracts
a huge interest in various research fields, including materials science and engineering.
One of the important applications of graphene is its utilization as a substrate for surface-
enhanced Raman scattering (SERS) [1] that allows detection of a very low concentration of
chemical or biological molecules. Raman signals are inherently weak, especially when the
visible light excitation is used and therefore, a small number of scattered photons are used
for the detection of the investigated molecules. However, by insertion of the investigated
molecules onto the surface of the SERS substrate, a largely increased Raman scattering is
induced because of two simultaneous effects. On the one hand, chemical enhancement
mechanism, which occurs due to the established molecule-substrate interaction, building a
charge transfer complex and facilitating the charge transfer [2–8]. On the other hand, in case
of metal substrate, such as nano-cast gold (Au) or silver (Ag) surface, resonantly enhanced
field allows an electromagnetic enhancement effect that much strongly enhances the Raman
signal [9–14]. Additionally, graphene efficiently quenches the fluorescence resulting in
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improved quality of the probe molecule spectra [15,16]. As the chemical enhancement in
SERS is deemed to arose from the creation of interaction due to vibrational coupling and
creation of light-induced charge transfer among the molecule and the substrate, stronger
the interaction higher is the chemical enhancement [17,18]. Graphene oxide (GO) and
reduced graphene oxide (rGO) are progressing as adequate materials since their ubiquity
has also been linked with greater SERS effects. It has been stated that single-layer graphene
shows higher SERS signal enhancement in contrast to few-layer graphene [19].

Lately, several experimental attempts were reported concerning the enhancement of
the SERS performance by connecting the plasmonic nanoparticles formed of silver and
gold with graphene structures [20–27]. Song et al. [28] obtained detection of maximum
200–300 times average value enhanced SERS intensities from Ag nanoparticles on graphene
sheet (GS) hybrid substrate compared to pure graphene. Nevertheless, Fan et al. [29] re-
ported 2–3 times enhanced SERS excitations from hybrid nanostructure created of AgNP
and GO with respect to neat AgNP. However, the performance of the metal nanoparticles
is highly reliant on their dimension, structure, crystallinity, configuration, and formation
geometry [30]. The effect of various variables on an achieved enhancement was studied.
One of the most investigated was the size of the AgNP and Au nanoparticles (AuNP) and
their aggregates [31–33], reporting that the average value of SERS enhancement factor
is 1.6 times increased when the size distribution is reduced to half [28]. He et al. [34]
studied the size of AgNP on the SERS enhancement. They reported that the SERS en-
hancement factor monotonically increases with augmentation of the particle size and
the decrease of the distance between the particles in a dimer. As well, the shape of the
AgNP and AuNPs was studied. In case when quasi-cubic AgNP were deposited onto
graphene, the SERS enhancement factors were 6.53 times in average greater than that of
spherical nanoparticles [28]. Zhang et al. [35] have designed GO-wrapped flower-like
silver particles, and reported 3.5 times increased SERS signal based on the structure of the
hybrid. An interesting study was conducted for dogbone-shaped gold nanoparticles used
as colloidal SERS substrates, and it has been shown that the larger dogbone-shaped gold
nanoparticles result in weaker limits of detection [36]. Dilong et al. [37] examined the SERS
properties of Au nanoparticles with different sizes and shapes and reported that the Au
nanospheres arrangements showed great SERS enhancement linked to their composition
due to the presence of numerous SERS hot-spots among neighboring AuNPs generated by
the electromagnetic coupling.

The control of substrate surface coverage with noble metal nanoparticles is an impor-
tant parameter when fabricating active material as a SERS substrate. The proportional
relation among the surface coverage and the increment of the intensity of SERS signal
was presented [38]. When the coverage is doubled, the enhancement factor is as well
nearly doubled [28]. Usually, the ultimate particle coverage decreases as the nanoparticle
diameter increases. It has been demonstrated that the final particle coverage is decreased
with increasing the particle size resulting in reduced hot-spots in the SERS excitation
state and consequently decreasing the signal [25]. The responsibility for the highest SERS
signal enhancement is related to the nanoscale gaps within nanoparticle dimers and the
probe molecule adsorbed in these so-called “hot-spots” [28]. Ding et al. [39] demonstrated
that the high coverage of AgNP onto GO led to enhanced SERS signal. This implies that
the enhancement effect occurs due to the great electromagnetic coupling between two
neighboring AgNPs with a very small gap, resulting in improved SERS signal.

It is clear that when hybrid SERS substrates were prepared, made of graphene-based
materials and noble metal nanoparticles, the focus was placed on the quality, quantity, and
structural characteristics of the nanoparticles, as well as their dispersion over graphene
material. However, there are quite different graphene-based materials in size and thickness,
level of oxidation, presence of heteroatoms, etc. The quality of graphene nanosheets by
means of aspect ratio and presence of sp3 C defects within the structure influences impor-
tantly the properties, especially the electrical conductivity, the capability of interactions,
and mechanical resistance [40]. Therefore, one may expect that the interaction of different
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aspect ratio with different levels of functionalization of the surface will affect the interaction
with metal nanoparticles, interactions with probe molecule, and subsequently, the activity
as SERS substrate. This is especially true when simultaneous in situ production of noble
metal nanoparticles and GO reduction is performed, which is the subject of the present
work. For that aim, the different aspect ratio graphenes with importantly different oxida-
tion level were decorated with Ag and Au nanoparticles and they were investigated as
SERS substrate using fluorescein (Fl) as probe molecule. To the best of authors’ knowledge,
this is the first study where the effect of the different quality of graphene-based materials
over the morphology of the SERS substrates was studied and provides useful information
for selection of graphene material for designing a SERS substrate and optimization of their
performance. Even though the graphene provides chemical enhancement to the hybrid
substrate, which is much lower than the electromagnetic field enhancement from the NPs,
the present work demonstrated that by variation of the graphene characteristics, the NPs
structuring on the surface is influenced and thus, the SERS performance.

2. Materials and Methods

Two types of GO in aqueous dispersion were used (Table 1). The first one, supplied by
Graphene Supermarket, (Ronkonkoma, NY, USA), (GOS), has the following characteristics:
60% single layer with concentration of 5 mg/mL, low aspect ratio of 1000 and lower content
of oxygen functional groups, and other heteroatom (~20%). The second one was supplied
by Graphenea, (San Sebastian, Spain), (GOG) with the following characteristics: about
14,000 aspect ratio, 95% one-layer platelets, with concentration of 4 mg/mL, high amount
of oxygen functional groups, and heteroatoms ~50%.

Table 1. Properties and elemental analysis of GOG and GOS.

Properties GOG GOS

Concentration 4 mg/mL 5 mg/mL

Elemental Composition

Carbon: 49–56%
Oxygen: 41–50%
Hydrogen: 0–1%
Nitrogen: 0–1%

Sulfur: 2–4%
(Up to 5% heteroatoms)

Carbon 79%
Oxygen 20%

(Up to 1% heteroatoms)

Lateral dimension <10 µm 0.3–0.7 µm

Thickness Monolayer content
(measured in 0.05 wt%): >95% 1 atomic layer-at least 80%

Color Yellow-brown Brown
Aspect ratio

(lateral dimension/diameter) ~14.000 ~1000

Fluorescein (Fl, C20H12O5) purchased from Fluka, (Fluka, Madrid, Spain), polyvinylpyrroli-
done (C6H9NO)n with average molar mass of 10,000 (PVP), silver nitrate (AgNO3) ACS
reagent, (Westborough, MA, USA), ≥99.0% and Gold(III) chloride hydrate 99.995% trace
metals basis from Sigma Aldrich, (Madrid, Spain), L (+)-ascorbic acid, 99%, (AsA) from
ACROS, (Madrid, Spain), were used as received. Milli-Q water was used in all experiments.

For synthesis of the hybrid SERS substrates, first aqueous dispersions were prepared
by mixing GO and silver nitrate precursors for Ag nanoparticles (NP) and gold (III) chloride
hydrate precursor for AuNP, according to the following procedure. About 50 mL GO
aqueous dispersion was sonicated (Hielscher Sonicator-UIS250v, (Hielscher Ultrasonics
GmbH, Teltow, Germany) with an amplitude of 70% and energy pulsed at 0.5 Hz at room
temperature for 10 min in a 100 mL beaker under continuous agitation of 200 rpm, followed
by addition of polyvinylpyrrolidone (PVP) solution (5 mg of PVP in 5 mL water). PVP with
molar mass of 10,000 Da was added to assure colloidal stability in the aqueous dispersions
during the reduction process. In this dispersion, 60 mL of the respective precursor in
aqueous solution was added (60 mg precursor in 2 mL of water). After mixing, the
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reduction process was performed by ascorbic acid (AsA) reducing agent in concentration of
560 mg in 3 mL water, at room temperature for 72 h. AsA reduced simultaneously the GO
and the respective precursor facilitating the growth of the nanoparticles in the dispersions
that strongly adsorbed onto the rGO platelets. As a result, hybrid rGO nanoplatelets
decorated with AgNP and AuNP were obtained, denoted as: rGOS-AgNP, rGOS-AuNP,
rGOG-AgNP, and rGOG-AuNPs according to type of graphene and type of nanoparticles.
Total of 4 µL of each of these dispersions was drop casted over glass rectangular substrates
and left for drying at standard atmospheric conditions (20 ◦C and 55% relative humidity,
Scheme 1).

Molecules 2021, 26, x FOR PEER REVIEW 4 of 13 
 

 

For synthesis of the hybrid SERS substrates, first aqueous dispersions were prepared 

by mixing GO and silver nitrate precursors for Ag nanoparticles (NP) and gold (III) chlo-

ride hydrate precursor for AuNP, according to the following procedure. About 50 mL GO 

aqueous dispersion was sonicated (Hielscher Sonicator-UIS250v, (Hielscher Ultrasonics 

GmbH, Teltow, Germany) with an amplitude of 70% and energy pulsed at 0.5 Hz at room 

temperature for 10 min in a 100 mL beaker under continuous agitation of 200 rpm, fol-

lowed by addition of polyvinylpyrrolidone (PVP) solution (5 mg of PVP in 5 mL water). 

PVP with molar mass of 10,000 Da was added to assure colloidal stability in the aqueous 

dispersions during the reduction process. In this dispersion, 60 mL of the respective pre-

cursor in aqueous solution was added (60 mg precursor in 2 mL of water). After mixing, 

the reduction process was performed by ascorbic acid (AsA) reducing agent in concentra-

tion of 560 mg in 3 mL water, at room temperature for 72 h. AsA reduced simultaneously 

the GO and the respective precursor facilitating the growth of the nanoparticles in the 

dispersions that strongly adsorbed onto the rGO platelets. As a result, hybrid rGO nano-

platelets decorated with AgNP and AuNP were obtained, denoted as: rGOS-AgNP, rGOS-

AuNP, rGOG-AgNP, and rGOG-AuNPs according to type of graphene and type of nano-

particles. Total of 4 μL of each of these dispersions was drop casted over glass rectangular 

substrates and left for drying at standard atmospheric conditions (20 °C and 55% relative 

humidity, Scheme 1). 

 

Scheme 1. Glass rectangular substrate and sample deposition by drop casting scheme. 

The morphology of the composites was investigated by scanning electron micros-

copy (SEM, (Hitachi TM3030 tabletop model (Krefeld, Germany) at an accelerating volt-

age of 15 kV. The SEM instrument is equipped with EDX that was used to determine the 

elemental analysis and mapping of the hybrid substrates. The structure of the GO and 

distribution of silver and gold nanoparticles decorated onto GO surfaces were investi-

gated with Philips TECNAI G2 20 TWIN transmission electron microscope (FEI, TEM, 

Barcelona, Spain). For the thermal degradation analysis (TGA) of the materials, a TGA500 

apparatus (TA Instruments, Cerdanyola del Valles, Spain) was used. About 2 mg of each 

material was heated under oxygen ambient from 25 to 700 °C, at a heating rate of 10 

°C/min. The SERS activity of the rGO-AgNP and rGO-AuNP hybrid structures was stud-

ied by Renishaw Raman Spectrometer (Renishaw, Barcelona, Spain) with an excitation 

wavelength of 532 nm, 1% of laser power (0.2 mW), 1 s acquisition time, and illumination 

range from 150 to 3500 cm−1. The samples were captured using a 100× long-working dis-

tance objective lens and a CCD512 camera. 

For SERS performance determination, Fl probe molecules were deposited over each 

of the hybrid films by drop casting 2 μL of Fl aqueous solution of different concentrations 

and were left overnight to dry (Scheme 1). Fl spectra onto the rGO/noble metal hybrids 

were determined up to 10−7 M. The blank sample was prepared by drop casting 4 μL Fl 

aqueous solution with concentration 10−1 M onto the neat glass substrate. At least three 

different spectra were collected for each Fl concentrations. The presented Raman spectra 

in the manuscript were normalized, using the characteristic peak of the glass substrate 

onto which the hybrids film were prepared and the Fl was deposited. 

  

Scheme 1. Glass rectangular substrate and sample deposition by drop casting scheme.

The morphology of the composites was investigated by scanning electron microscopy
(SEM, (Hitachi TM3030 tabletop model (Krefeld, Germany) at an accelerating voltage
of 15 kV. The SEM instrument is equipped with EDX that was used to determine the
elemental analysis and mapping of the hybrid substrates. The structure of the GO and
distribution of silver and gold nanoparticles decorated onto GO surfaces were investigated
with Philips TECNAI G2 20 TWIN transmission electron microscope (FEI, TEM, Barcelona,
Spain). For the thermal degradation analysis (TGA) of the materials, a TGA500 apparatus
(TA Instruments, Cerdanyola del Valles, Spain) was used. About 2 mg of each material
was heated under oxygen ambient from 25 to 700 ◦C, at a heating rate of 10 ◦C/min.
The SERS activity of the rGO-AgNP and rGO-AuNP hybrid structures was studied by
Renishaw Raman Spectrometer (Renishaw, Barcelona, Spain) with an excitation wavelength
of 532 nm, 1% of laser power (0.2 mW), 1 s acquisition time, and illumination range from
150 to 3500 cm−1. The samples were captured using a 100× long-working distance objective
lens and a CCD512 camera.

For SERS performance determination, Fl probe molecules were deposited over each of
the hybrid films by drop casting 2 µL of Fl aqueous solution of different concentrations
and were left overnight to dry (Scheme 1). Fl spectra onto the rGO/noble metal hybrids
were determined up to 10−7 M. The blank sample was prepared by drop casting 4 µL Fl
aqueous solution with concentration 10−1 M onto the neat glass substrate. At least three
different spectra were collected for each Fl concentrations. The presented Raman spectra in
the manuscript were normalized, using the characteristic peak of the glass substrate onto
which the hybrids film were prepared and the Fl was deposited.

3. Results and Discussions

The reduction of neat GO in aqueous dispersion was performed with AsA reducing
agent in presence of PVP (Mw of 10.000 Da) that sterically stabilized the rGO platelets in
dispersions. The simultaneous reduction of GO and respective precursor for formation of
Ag and Au nanoparticles resulted in the formation of rGO platelets decorated with AgNP
or AuNP. The hybrid nanoplatelets were as well stabilized with PVP.

Elemental composition of all rGO-based materials was determined by EDX and the
chemical composition by FTIR spectroscopy. The elemental composition of all materials is
presented in Table S1, Supplementary Materials. These results showed that the reduction
level is similar in all the samples independently of the presence of Ag or Au precursors, as
the relative oxygen content is around 20% in all samples. Carbon content is lower for the
composite samples than the neat ones, due to the presence of noble metal nanoparticles on
their surface, the content of which is in the range of 7–12%. The exception is rGOG-AuNP
material, which presented much lower reduction level and subsequently higher oxygen
content and lower AuNP fraction in the composite. It is worth mentioning that the rGOS
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has similar oxygen content as the GOS (Table 1), which is probably the result of the presence
of PVP used for colloidal stabilization of the reduced platelets.

FTIR spectra of the substrates are shown in Figure S1, Supplementary Materials.
Both neat rGO materials present typical characteristic peaks of rGO, assigned as follows:
~1710 cm−1 (C=O stretching vibration), ~1620 cm−1 (C=C graphene domains), ~1400 cm−1

(OH deformation vibrations), and ~1030 cm−1 (C-O in epoxy). The same peaks appeared in
composite substrates made of rGO and Ag or Au nanoparticles, however, certain shifts of
each of these vibrations might be noticed with respect to the neat rGO materials, indicating
changing of the chemical environment, likely due to the presence of nanoparticles. No
important differences in chemical composition can be observed between the different types
of rGO and nanoparticles.

In Figure 1 the characteristics of the rGOS hybrid nanoplatelets are shown. rGOS,
with aspect ratio of 1000, is characterized with about 20% of oxygen content and about
3% of other heteroatoms, such as sulfur or nitrogen. Figure 1a presents SEM image of the
neat rGOS material, in the inset of which, the EDX map is shown, presenting the elemental
distribution on the surface of the film. The film is wrinkled and irregular and apparently,
the rGOS platelets are covered with PVP, as the map in the inset shows high presence of
nitrogen. The morphology of the hybrid rGOS films decorated with AgNP and AuNP are
presented in Figure 1b,c, respectively.

Morphology of the hybrid films (Figure 1b,c) differs from that of neat rGOS, as the
presence of nanoparticles influenced the drying process and the film quality. AgNP may
be observed in Figure 1b (as white structures) in two different morphologies, along with
spherical nanoparticles dendrimer-like crystals were observed. The size of the spherical
nanoparticles is likely submicron, whereas the dendrimers are large structures of around
10 µm in average. The EDX map presented in the inset of Figure 1b shows that the
surface of this hybrid is not covered completely with AgNP, as the graphene structure
is still visible (carbon is denoted in red color in the EDX map). The dendrimer silver
nanostructures have been observed previously [41], and their formation was explained by a
diffusion-limited aggregate model. Namely, in case when growth rate of the nanoparticles
is limited by the rate of diffusion of solute atoms to the interface, asymmetric growth of
the nanoparticles occurred. Interestingly, such large crystal structures were not observed
in case of rGOS-AuNP. As it is shown in Figure 1c, only tiny spherical nanoparticles
distributed all over the rGO were obtained. According to the SEM image that represents
very good coverage of surface of rGO with AuNP, the EDX–map in the inset of Figure 1c
confirms the same, as almost no carbon atoms are visible on the surface of rGO. Even
though, Table S1 in Supplementary Materials presents similar Ag and Au NP fractions (9%
vs 10%, respectively), these fractions are mass fractions, which means much more moles
of Au were presented onto the rGOS. Therefore, the higher quantity of Au nanoparticles
along with their much smaller size is the main responsible factors for the higher coverage.

TGA curves of the nanostructures obtained in presence of oxygen are presented in
Figure 1d. Except on thermal stability of the composite structures, TGA curves provide
information on the chemical composition and interaction between the components. In
Figure 1d three weight loss regions are observed. Until 100 ◦C, the weight loss is assigned to
adsorbed water, whereas the weight loss observed between 100 ◦C and 225 ◦C corresponds
to the oxygen functionalities presented onto the nanostructures. This loss is the largest
for the neat rGO, indicating that the hybrid nanoplatelets contain importantly less oxygen
functional groups. This means that, either in presence of nanoparticles’ precursors the
reduction of GO was more efficient, or the oxygen functionalities were spent in establishing
interaction in rGO–nanoparticles, having the second explanation more probable. The
degradation of PVP, adsorbed onto nanoplatelets to provide colloidal stability, occurred
between 450 and 500 ◦C. The main loss, corresponding to the graphenic structure, occurred
at temperatures higher than 500 ◦C. The presence of AgNP and AuNP onto the rGOS
increased prominently the thermal stability of the hybrid platelets, and the main loss was
postponed for about 150 ◦C, and in the case of AuNP the thermal reinforcement is even
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more prominent. This indicates that there is higher number of AuNP attached to the rGOS
surface, as already shown by EDX (Table S1, Supplementary Materials).
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Figure 1. Characteristics of rGOS-AgNP and rGOS-AuNP hybrid films: (a) SEM image of neat rGOS,
inset: EDX map of the same film; (b) SEM image of rGOS-AgNP film, inset: EDX map of the same
film; (c) SEM image of rGOS-AuNP film, inset: EDX map of the same film; (d) TGA curves of hybrid
films; (e) TEM image of rGOS-AgNP film; (f) TEM image of rGOS-AuNP film. In the insets of (e,f)
single Ag and Au nanoparticle is shown, respectively.

The structure of the hybrids and the size and distribution of the nanoparticles onto
the platelets are presented in TEM images (Figure 1e,f). In Figure 1e AgNP aggregates with
diameter in a range of 200–500 nm distributed onto the rGO platelets may be observed, as
shown in the enlarged image of individual particle in the inset of this figure. According to
SEM image of the rGO-AuNP nanostructure (Figure 1f), AuNP are much smaller, therefore
better distributed even on the nanoscale level. AuNP formed star-like aggregate with sizes
in the range of 20–200 nm, as it is shown in the inset of Figure 1f. The rGO platelets are
completely wrinkled and some re-aggregates may be observed (which may be result of the
sample preparation).

To determine the SERS activity of the prepared films, the Fl probe molecules from aque-
ous solutions with different concentrations in a range of 10−1 to 10−13 M were deposited
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onto the investigated films formed on the glass substrate, followed by characterization by
RAMAN spectroscopy. The obtained spectra were compared with these of Fl deposited
onto a neat glass substrate and onto the rGOS neat film. The results are presented in
Figure 2. It might be observed that the investigated Fl concentration in Figure 2 are up to
10−7 M, because bellow this concentration, the Fl was not detected and only characteristic
peaks of rGO could be observed, as shown in Figure 2e.
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Figure 2. RAMAN spectra of Fl deposited in different concentration over the respective film: (a) Fl
deposited from 10−1 M solution over a glass substrate; (b) neat rGOS film; (c) Fl deposited from
10−4 M solution over a rGOS-AgNP film; (d) Fl deposited from 10−4 M solution over a rGOS-AuNP
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solution over a rGOS-AuNP film.

Fl deposited onto the glass substrate (Figure 2a, Scheme 1) presents the typical Fl
Raman spectrum with skeletal vibration modes of the xanthene moiety that appears in
the frequency range from 1000 to 1800 cm−1 [42] Raman spectrum of rGOS is presented in
Figure 2b, where the characteristic D band at around 1348 cm−1 (originated from the defects
in graphenic network) and the G band at around 1600 cm−1 (corresponding to the ordered
sp2 in plane vibration of carbon atoms) [43,44] is observed. The deposited Fl molecules onto
the nanostructures containing AgNP onto the surface of rGO presented very nice spectra
of Fl, up to Fl concentration of 10−4 M (Figure 2c). Further decrease of the Fl concentration
deposited onto the nanostructured hybrid films of rGOS-AgNP remains undetectable in the
RAMAN spectra, as only the rGO characteristic peaks appeared (Figure 2e). Enhancement
factor (EF) was calculated using Equation (1) and the results are presented in Table 2.

EF =
ISERS

IRAMAN
· [Fl]bulk
[Fl]SERS

(1)

where ISERS is the intensity of Fl characteristic peak at 1181.8 cm−1 in RAMAN spectra
measured on the rGOS-AgNP, IRAMAN is the intensity of the same peak in the RAMAN
spectra of neat Fl; [Fl]bulk is the concentration of Fl deposited on the neat glass substrate
and [Fl]SERS is the concentration of Fl deposited onto the SERS substrate, in this case
rGOS-AgNP.

148



Molecules 2021, 26, 4775

Table 2. EF values of the hybrid films made of rGOS combination with AgNPs and AuNPs.

Sample rGOS-Ag rGOS-Au rGOS-Au rGOG-Ag rGOG-Au

[Fl] 10−4 M 10−4 M 10−7 M 10−4 M 10−4 M
EF 1373 1044 82 × 10−4 908 1892

Table 2 shows that the EF for 10−4 M Fl onto rGOS-AgNP is 1373. The determined EF
is rather modest and probably is due to the poor coverage of the rGOS with AgNP, large
structures and large distance between them (poor coverage), limiting the electromagnetic
enhancement effect.

On the other hand, the SERS activity of the hybrid substrate made of AuNPs deposited
onto the rGOS nanoplatelets is presented in Figure 2d,f, for Fl concentration of 10−4 M
and 10−7 M, respectively. For both concentrations strong SERS enhancement was obtained,
giving rise to EF of 1044 for 10−4 M and EF of 82 × 104 for 10−7 M concentration of the Fl
probe molecule. In this case, the substrate rGOS-AuNP has shown much higher detection
capacity than the rGOS-AgNP, probably due to the important difference in the suface
morphology and the molar quantity of AuNP. We think that two effects contribute toward
this strong enhancement. Namely, as shown in Figure 1c and in the inset, the surface of
the rGOS-AuNP film is almost completely covered by the nanosize AuNP. Such covarage
ensure smaller distance between the nanoparticles, so called nanoscaled gaps [29] on the
rGOS-AuNP than on rGOS-AgNP. Because of that, the former provides enhanced elec-
tomagnetic coupling effect between the neighbouring AuNPs [44] and consequently, the
electromagnetic enhancement is better than for Ag-containing substrate. Nevertheless, as
the TGA results suggested, likely strong interaction rGOS–AuNP were established, based
on the important drop of the oxygen functional groups amount. The strong interaction
decreased the distance substrate–probe molecule due to the vibrational coupling that cre-
ates a light-induced charge transfer complex [17,18], contributing to increase the chemical
enhancement. Additional support was obtained by the star-like structure of the AuNP
aggregates, as observed in TEM image (Figure 1f), as previously it was demonstrated that
non-spherical AgNP positively affected the SERS effect [29].

In Figure 3a, the morphology of the neat rGOG sample is shown. According to the
EDX map presented in the inset of Figure 2a, the rGOG surface is completely covered by
PVP. The morphology of the composite samples rGOG-AgNP and rGOG-AuNP, displayed
in Figure 3b,c, respectively, reveals non-regular spherical nanoparticles dispersed onto
the surface of rGOG. The maps in the insets of both figures show uniform distribution of
the nanoparticles throughout the whole rGOG sheets, however, much better for AgNP. If
compared with the respective rGOS SEM images (Figure 1b,c), much more AgNPs with
smaller size are distributed onto GOG-reduced platelets. This effect is probably a result of
the increased oxidation of the initial GOG (50%) that established more interactions with
the Ag+ ions during the in situ formation of the nanocomposite sample than GOS (20%).
However, this effect is opposite in case of AuNPs. This can be because Au3+ ions are
less prone to chemical interactions than Ag+ ions, therefore the presence of the multiple
functional oxygen groups on the GOG surface has rather negative effect on the AuNP–
rGOG interactions. Consequently, the mechanism of coupling the rGOS and nanoparticles
is distinct for Ag and Au. In case of Ag, the silver ions adsorbed on the GO surface and
the nucleation of the nanoparticles occurred at the surface, whereas in case of Ag, the
nanoparticles nucleated in the dispersion and are afterwards adsorbed on the rGOS surface.
These results indicate that in case of AuNPs, more naked or less functionalized graphene
surface is favorable for the synthesis of composite with well-distributed AuNP.

149



Molecules 2021, 26, 4775

Molecules 2021, 26, x FOR PEER REVIEW 9 of 13 
 

 

the AuNP aggregates, as observed in TEM image (Figure 1f), as previously it was demon-

strated that non-spherical AgNP positively affected the SERS effect [29].  

In Figure 3a, the morphology of the neat rGOG sample is shown. According to the 

EDX map presented in the inset of Figure 2a, the rGOG surface is completely covered by 

PVP. The morphology of the composite samples rGOG-AgNP and rGOG-AuNP, dis-

played in Figure 3b,c, respectively, reveals non-regular spherical nanoparticles dispersed 

onto the surface of rGOG. The maps in the insets of both figures show uniform distribu-

tion of the nanoparticles throughout the whole rGOG sheets, however, much better for 

AgNP. If compared with the respective rGOS SEM images (Figure 1b,c), much more 

AgNPs with smaller size are distributed onto GOG-reduced platelets. This effect is prob-

ably a result of the increased oxidation of the initial GOG (50%) that established more 

interactions with the Ag+ ions during the in situ formation of the nanocomposite sample 

than GOS (20%). However, this effect is opposite in case of AuNPs. This can be because 

Au3+ ions are less prone to chemical interactions than Ag + ions, therefore the presence of 

the multiple functional oxygen groups on the GOG surface has rather negative effect on 

the AuNP–rGOG interactions. Consequently, the mechanism of coupling the rGOS and 

nanoparticles is distinct for Ag and Au. In case of Ag, the silver ions adsorbed on the GO 

surface and the nucleation of the nanoparticles occurred at the surface, whereas in case of 

Ag, the nanoparticles nucleated in the dispersion and are afterwards adsorbed on the 

rGOS surface. These results indicate that in case of AuNPs, more naked or less function-

alized graphene surface is favorable for the synthesis of composite with well-distributed 

AuNP. 

 

Figure 3. Characteristics of rGOG-AgNP and rGOG-AuNP hybrid films: (a) SEM image of neat
rGOG, inset: EDX map of the same film; (b) SEM image of rGOG-AgNP film, inset: EDX map of the
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It is worth noting that the quality of graphene affects not only the distribution and
aggregation of the nanoparticles formed on its surface, but also their morphology, probably
due to the simultaneous reduction process of both graphene and the precursors. TEM
images in Figure 3e present that AgNP forms large aggregates (200–800 nm) with a large
distance between them, which means that the possibility for electromagnetic coupling
between neighboring nanoparticles is rather low. Figure 1f reveals decreased particle size
of AuNPs, which are packed closely onto some of the areas of the rGOG nanoplatelets.
Finally, according to TGA results shown in Figure 3d, both nanocomposites presented
important difference in the weight loss curves, which demonstrates presence of structural
and compositional difference. The thermal degradation behavior is similar to the rGOS-
based composites, thus three clear weight loss regions are observed. However, rGOG-
AuNP shows similar behavior as the neat rGOG, indicating that the interaction between
the AuNPs with the rGOG is not strong. There is very low amount of residuals after
the TGA analysis, indicating low amount of AuNPs (according to Table S1, it is 7.3%),
not strongly attached to rGOG. In case of rGOG-AgNP nanocomposite, significantly less
oxygen functionalities were lost, accounting for better interaction of AgNP with rGOG with
respect to AuNP and with respect to rGOS composites. The fact that rGOG is characterized
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by higher aspect ratios and lower thickness than rGOS means that at the same quantity,
rGOG offers larger surface area, thus, lower coverage with nanoparticles is likely achieved
than in case of rGOS. However, a very high amount of residual (~60%) indicates that AgNP
were very strongly attached to the rGOG.

Figure 4 depicts the Raman spectra of the rGOG-based nanocomposite samples,
compared with Fl deposited onto glass substrate and neat rGOG.
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Figure 4. Raman spectra of Fl deposited in different concentration over the respective film: (a) Fl
deposited from 10−1 M solution over a glass substrate; (b) neat rGOG film; (c) Fl deposited from
10−4 M solution over a rGOG-AgNP film; (d) Fl deposited from 10−4 M solution over a rGOG-AuNP
film; (e) Fl deposited from 10−7 M solution over a rGOG-AgNP film; (f) Fl deposited from 10−7 M
solution over a rGOG-AuNP film.

Comparing all the RAMAN spectra presented in Figure 4, it is clear that both nanocom-
posites rGOG-AgNP and rGOG-AuNP were able to detect Fl in as low molar concentration
as 10−4. The Fl spectra determined onto these nanocomposites substrates are clear, having
all the characteristic peaks with higher intensity than the same in the Fl deposited onto
glass substrate in a concentration of 0.1 M. The resulting EFs are 908 for rGOG-AgNP and
1892 for rGOG_AuNP (Table 2). Despite this strong enhancement, both nanocomposite
substrates were not able to determine the 10−7 M concentration. The EF of rGOG-AgNP is
similar to that of rGOS-AgNP; the result can be justified with the morphology and the com-
position of both samples. Namely, the AgNP formed onto rGOS surface are dendrimer-like
structures with tens of microns dimensions, whereas on rGOG surface irregular spherical
particles were formed with size in a range of 200–800 nm. Even though the last morphology
is likely more prosperous for SERS activity, the large distance between the nanosized
structures limits the detection to 10−4 M concentration, due to less possibility to establish
the electromagnetic coupling. The rGOG-AuNP as well presented limited enhancement
until 10−4 M Fl concentration. Moreover, its performance as SERS substrate is worse than
rGOS-AuNP. Likely, it is due to the less established interaction between both rGOG and
AuNP, and, because of the worst coverage of the surface of rGOG. The first effect accounts
for the drop in chemical mechanism of enhancement, whereas the second one for the drop
in electromagnetic mechanism.

4. Conclusions

The simultaneous reduction of GO in the presence of silver nitrate and gold (III)
chloride hydrate resulted in successful modification on the surface of rGO with nanoparti-
cles of silver and gold. Two types of colloidal GO were studied, one characterized with
small aspect ratio (1000) and lower oxidation level (GOS, 20%) and the second one with
much larger aspect ratio (14,000) and densely oxidized (GOG, 50%). The effect of these

151



Molecules 2021, 26, 4775

characteristics over the properties of the nanocomposites, was studied and related to their
performance as SERS substrates. It was found that the characteristics of the GO affect
importantly the properties and performance of the nanocomposites.

In case of AgNP onto lower aspect ratio GOS, the nanoparticles developed on the
surface of its reduced form are with dendrimer-like morphology, few microns in size, and
are less densely packed. Obviously, the nanoparticle nucleation points were the oxygen
functionality. Because of that, in case of high aspect ratio and heavily functionalized GOG,
the AgNP were smaller but more densely packed. Both of them presented very similar
enhancement factor of about 1000 for detection of Fl molecules in concentration of 10−4 M.
The similar behavior was attributed to the compensated effect of size and shape of AgNP,
the distance between them, and the strong interactions. The aspect ratio obviously affected
the coverage.

In case of AuNP, the effect of the quality and characteristics of GO were exactly
opposite. Besides the light oxidation of GOS, the star-like aggregates of AuNP, developed
onto rGOS, were more densely packed, than in case of GOG. As a consequence, the SERS
performance of the smaller aspect ratio substrates based on GOS and AuNP presented the
best performance for Fl detection, up to 10−7 M concentration with very high EF of 82 × 104.
The limited enhancement effect of GOG-based substrate up to 10−4 M Fl concentration was
attributed to lower coverage with AuNP and higher distance between them.

These results, for the first time to the best of the authors’ knowledge, provide funda-
mental knowledge about the effect of the quality of graphene on the characteristics of in situ
created hybrids with Ag and Au nanoparticles and their performance as SERS substrates.

Supplementary Materials: The following are available online. Table S1: Elemental analysis of
all SERS substrate obtained by EDX. Figure S1: FTIR spectra of the neat rGO materials and their
composites with Ag and Au nanoparticles.
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