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Carbon-based nanomaterials have been increasingly used in the design of sensors
and biosensors due to their advantageous intrinsic properties, which include, but are not
limited to, high electrical and thermal conductivity, chemical stability, optical properties,
large specific surface, biocompatibility, and easy functionalization. Therefore, the final
aim of this Special Issue is to share new data concerning the novel exploitation strategies
of these nanomaterials in order to support the development of improved (bio)sensing
tools. Focus is mostly placed on the usage of graphene but also on carbon dots and carbon
nanotubes, as well as on the preparation and characterization of new (nano)composites.
The tailoring of the (bio)sensor surface is the common approach of the different reported
schemes when optimizing the (bio)sensor design. Simulation tests are also performed [1].

The research community has shown rising and commendable interest in searching
for and applying greener synthesis methodologies, with different studies [2–4] exploring
novel pathways, e.g., the preparation of carbon dots from microalgae and water [2]. Sus-
tainable routes for nanomaterials’ synthesis clearly constitute research opportunities while
contributing to their low-cost production, wide use, and, obviously, circular economy.

Moreover, for those researchers seeking an overview of the state of the art of the
use of carbon-based nanomaterials for (bio)sensors’ development, three review papers
targeting different topics are included in this Special Issue. Pan et al. [5] revised, in detail,
the design of chemical sensors and biosensors for a food safety assessment. Emphasis
was placed on the role of (single- and multi-walled) carbon nanotubes, graphene, and
carbon quantum dots in increasing (bio)sensor sensitivity, accuracy and precision, and
detection capacity for pesticides’ residues, veterinary pharmaceutical compounds, adulter-
ants, methylmercury, mycotoxins, and hormones, among others, in foodstuff. Moreover,
the tremendous potential of carbonaceous nanomaterials (graphene, carbon nanotubes,
carbon nanopowder, fullerene, carbon nanofibers, etc.) in the modification of electro-
chemical (bio)sensor surfaces toward the detection of contaminants of emerging concern
(specifically, pharmaceutical pollutants, such as antibiotics, anticonvulsants, antidiabetics,
anti-inflammatory drugs, hormones, β-blockers, etc.) in waters and marine species was
also critically discussed by Torrinha et al. [6]. These authors highlighted the undeniable con-
tribution of carbon nanomaterials to the miniaturization and portability of the (bio)sensors
besides the huge impact on their electroanalytical performance. In a broader context, in
terms of the fields of application (as macro- and small molecules, gas, strain/pressure
sensors), Wang et al. [7] comprehensively reviewed the synthesis techniques for carbon
nanofiber-based nanomaterials, including their functionalization with polymers, metal
oxide nanoparticles, silica, etc. The prospects for novel applications in fields such as energy,
catalysis, and environmental science were also identified.

The incorporation of carbon-based nanomaterials, independent of the detection
scheme and developed platform type (mechanical, thermal, optical, magnetic, chemi-
cal, and biological), has demonstrated a major beneficial effect on the sensitivity, specificity,
and overall performance of (bio)sensors. Consequently, carbon-based nanomaterials have
brought about a revolution in the field of (bio)sensors with the development of increasingly
sensitive devices.

Nanomaterials 2021, 11, 2430. https://doi.org/10.3390/nano11092430 https://www.mdpi.com/journal/nanomaterials

1



Nanomaterials 2021, 11, 2430

Funding: This research received no external funding.

Acknowledgments: I am grateful for the financial support from UIDB/50006/2020, UIDP/50006/2020,
and through project PTDC/ASP-PES/29547/2017 (POCI-01-0145-FEDER-029547), funded by FEDER
funds through the POCI, and National Funds through the FCT—Foundation for Science and Technol-
ogy. I acknowledge all of those who have contributed to this Special Issue, specifically the (co)authors
and reviewers, as well as the editorial team of Nanomaterials (in particular Tracy Jin), who provided
administrative and technical support. Additionally, I sincerely hope that researchers will enjoy
reading this Special Issue and find it useful.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Rashid, M.; Koel, A.; Rang, T. Simulations of Graphene Nanoribbon Field Effect Transistor for the Detection of Propane and
Butane Gases: A First Principles Study. Nanomaterials 2020, 10, 98. [CrossRef] [PubMed]

2. Zhang, L.; Wang, Z.; Zhang, J.; Shi, C.; Sun, X.; Zhao, D.; Liu, B. Terbium Functionalized Schizochytrium-Derived Carbon Dots
for Ratiometric Fluorescence Determination of the Anthrax Biomarker. Nanomaterials 2019, 9, 1234. [CrossRef] [PubMed]

3. Hu, J.; Yu, J.; Li, Y.; Liao, X.; Yan, X.; Li, L. Nano Carbon Black-Based High Performance Wearable Pressure Sensors. Nanomaterials
2020, 10, 664. [CrossRef] [PubMed]

4. Abhari, P.; Manteghi, F.; Tehrani, Z. Adsorption of Lead Ions by a Green AC/HKUST-1 Nanocomposite. Nanomaterials 2020,
10, 1647. [CrossRef] [PubMed]

5. Pan, M.; Yin, Z.; Liu, K.; Du, X.; Liu, H.; Wang, S. Carbon-Based Nanomaterials in Sensors for Food Safety. Nanomaterials 2019,
9, 1330. [CrossRef] [PubMed]

6. Torrinha, Á.; Oliveira, T.; Ribeiro, F.; Correia, A.; Lima-Neto, P.; Morais, S. Application of Nanostructured Carbon-Based
Electrochemical (Bio)Sensors for Screening of Emerging Pharmaceutical Pollutants in Waters and Aquatic Species: A Review.
Nanomaterials 2020, 10, 1268. [CrossRef] [PubMed]

7. Wang, Z.; Wu, S.; Wang, J.; Yu, A.; Wei, G. Carbon Nanofiber-Based Functional Nanomaterials for Sensor Applications. Nanomate-
rials 2019, 9, 1045. [CrossRef] [PubMed]

2



nanomaterials

Review

Carbon-Based Nanomaterials in Sensors for
Food Safety

Mingfei Pan 1,2, Zongjia Yin 1,2, Kaixin Liu 1,2, Xiaoling Du 1,2, Huilin Liu 3 and Shuo Wang 1,2,*

1 State Key Laboratory of Food Nutrition and Safety, Tianjin University of Science & Technology,
Tianjin 300457, China; panmf2012@tust.edu.cn (M.P.); yinzongjiasiss@126.com (Z.Y.);
lkx13642168374@163.com (K.L.); duxiaoling98@163.com (X.D.)

2 Key Laboratory of Food Nutrition and Safety, Ministry of Education of China, Tianjin University of Science
and Technology, Tianjin 300457, China

3 College of Food and Health, Beijing Technology and Business University, Beijing 100048, China;
liuhuilin@btbu.edu.cn

* Correspondence: s.wang@tust.edu.cn; Tel.: +86-022-6091-2493

Received: 13 August 2019; Accepted: 10 September 2019; Published: 17 September 2019

Abstract: Food safety is one of the most important and widespread research topics worldwide.
The development of relevant analytical methods or devices for detection of unsafe factors in foods
is necessary to ensure food safety and an important aspect of the studies of food safety. In recent
years, developing high-performance sensors used for food safety analysis has made remarkable
progress. The combination of carbon-based nanomaterials with excellent properties is a specific type
of sensor for enhancing the signal conversion and thus improving detection accuracy and sensitivity,
thus reaching unprecedented levels and having good application potential. This review describes
the roles and contributions of typical carbon-based nanomaterials, such as mesoporous carbon,
single- or multi-walled carbon nanotubes, graphene and carbon quantum dots, in the construction
and performance improvement of various chemo- and biosensors for various signals. Additionally,
this review focuses on the progress of applications of this type of sensor in food safety inspection,
especially for the analysis and detection of all types of toxic and harmful substances in foods.

Keywords: carbon-based nanomaterials; chemo- and biosensor; food safety

1. Introduction

Food safety is usually defined as the scientific discipline that describes the preparation, treatment
and storage of food products in ways which can prevent foodborne illness. In recent years, food safety
and quality have received widespread attention [1,2]. Food insecurity, such as pesticide residues, illegal
additives, allergens, pathogens and other unsafe factors, not only seriously affects people’s health, but
also limits the rapid development of the food industry to a certain extent [3,4]. The development of
analytical methods or equipment that meet the requirements of modern detection of various hazardous
substances in foods is an important and crucial aspect of food safety studies. Due to the complex matrix
of food samples and the presence of trace amounts of hazardous agents, high-throughput, low-cost,
accurate, sensitive and convenient analytical methods or devices are becoming the mainstream of
food safety testing [5–7]. A sensor composed of an identification element and a signal transducer
characterized by simple structure, high portability and low price can compensate for disadvantages of
expensive and universal popularity of the existing instrumental methods [8–10]. Such a sensor may
be suitable for on-site and real-time qualitative and quantitative analysis of harmful substances in
foods and thus inhabit a wider research and development space. In recent studies, various chemical or
biological sensing devices based on various working principles have been developed for the detection

Nanomaterials 2019, 9, 1330; doi:10.3390/nano9091330 www.mdpi.com/journal/nanomaterials3
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of various hazardous substances in foods, thus becoming a focus of research in the field of food
safety [11,12].

Carbon-based nanomaterials have attracted considerable interest of scientists since their discovery.
According to their spatial dimensions, carbon-based nanomaterials can be roughly divided into
fullerenes (zero-dimensional), carbon nanotubes (one-dimensional), graphene (two-dimensional),
graphene coil (multidimensional), etc. [13,14]. In Table 1, a variety of properties of the carbon
nanomaterials were presented.

Table 1. Comparison of the characteristics of typical carbon-based nanomaterials.

Category Diameter Dimension Parameters Reference

Carbon nanotubes 0.7–100 nm one
Thermal conductivity: 3500 W m−1 K−1

(SWCNT); 3000 W m−1 K−1 (MWCNT);
Young’s modulus: 1 TPa

[13–16]

Ordered mesoporous carbon 2–50 nm — Specific surface area: 500–2500 m2 g−1;
Pore volume: 1.5 cm3 g−1 [17–20]

Graphene — two

Specific surface area: 2630 m2 g−1;
Specific capacitance: 100–230 F g−1;
Carrier mobility: 15,000 cm2 v−1·s−1;
Thermal conductivity: 5300 W m−1 K−1

(Single layer); Young’s modulus: 1 TPa
(theoretical); Resistivity: 10−6 Ω·cm

[14,15,21–25]

Carbon dots <10 nm zero — [26,27]

In recent years, numerous studies on the preparation, modification or application of carbon-based
nanomaterials have been actively published. Carbon-based nanomaterials of various morphologies
(needle, rod, barrel, etc.) have been prepared and successfully applied in various research areas [28–30].
Generally, the heterocyclic state of the C-C bonds in the carbon-based nanomaterials determines their
unique spatial structure resulting in the remarkable chemical and electronic properties. Characteristic
features of the carbon-based nanomaterials include small-size, interface, surface, dielectric confinement,
macroscopic quantum tunneling effects, etc.; their advantages include ease of preparation, stability
and high heat and electronic conductivity [15,16]. These merits promote wide use of this type of
nanomaterial in several areas, including environmental monitoring, energy storage, life science,
etc. [31,32]. Carbon-based nanomaterials have been used in the development of high-performance
sensing devices for food safety inspection to produce, identify and enhance the sensing signals.
In particular, in-depth studies of new carbon materials, such as graphene and carbon dots, enhanced
the potential of carbon-based sensors and their application prospects in the development of food
safety inspection devices characterized by high precision, high protection from interference, and
convenience [33–35].

This paper reviews various characteristics of carbon-based nanomaterials and their relevant
applications in food safety inspection. The latest studies on the fabrication and construction of new
high-performance sensing devices for food safety detection are introduced in special detail. This paper
summarizes the status of research and development trends of chemo- and biosensors based on
carbon-based nanomaterials used in the detection and analysis of residual pesticides, veterinary drug,
illegal food additives, allergens and other major toxic and harmful substances, thus promoting the
further study of carbon-based nanomaterials, especially in developing new types of high performance
sensing devices to meet the requirements of food safety detection and to improve the detection levels
with certain theoretical guidance.
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2. Carbon-Based Nanomaterials

2.1. Ordered Mesoporous Carbon (OMC)

Mesoporous carbon materials (diameter between 2 and 50 nm) are a new type of non-silica
mesoporous materials that were discovered and have attracted considerable attention in recent
years [17,18]. Compared with mesoporous silicon materials, mesoporous carbon materials have several
special excellent properties, such as high specific surface area and porosity, adjustable pore size,
controllable pore wall composition and structure, simple synthesis, and a lack of physiological toxicity.
At the same time, high thermal and hydrothermal stability and extremely large specific surface area and
pore volume can be obtained by optimizing and controlling the synthesis conditions, thus making this
type of material very promising for a wide range of applications, including in adsorbent carriers [20,36],
catalyst supports [37–39], hydrogen storage materials [40–42], and electrode materials [43–45].

Mesoporous carbon materials can be divided into disordered mesoporous carbon and OMC based
on the regularity of pores [46]. Disordered mesoporous carbon is usually obtained by the catalytic
activation of metal ions [47], carbonization of polymers, and carbonitriding or oxidation of silica
templates by organic aerogels, resulting in lower regularity and uniformity of the pore structure [48,49].
Thus, the disordered carbon materials can be applied as an excellent anode for sodium ion exchange
batteries and other energy storage devices [50–52]. Compared with disordered mesoporous carbon,
OMC materials are composed of highly ordered and macroporous carbon nanorods [53,54] that
have better electrochemical stability and unique properties that other materials do not possess,
such as a highly ordered pore structure, an easily controlled mesoporous structure, narrow pore size
distribution, and larger specific surface area (2000 m2 g−1) and specific pore volume (1.5 cm3 g−1) [19,20].
The synthesis of OMC is usually performed by the hard template method using mesoporous silica
molecular sieves as a template, selecting a suitable precursor and carbonating the precursor in the
pore of the mesoporous template with subsequent etching of the mesoporous silica template using
NaOH or HF solutions [55,56]. Mesoporous carbon materials have a wide range of applications in
material synthesis [57], catalyst carrier, adsorption separation [42,58,59], and electronic devices [60].
Cui and coworkers fabricated a novel aptasensor using a sulfur nitrogen codoped OMC (SN-OMC) and
thymine-Hg2+-thymine mismatch structure, which has a fine linear correlation for Hg2+ (0.001–1000
nM) with a detection limit (LOD) of 0.45 pM [61] (Figure 1a).

 
(a) 

Figure 1. Cont.
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(b) 

Figure 1. Application of OMC nanomaterials in the fabrication of sensors. (a) Assembly diagram of
electrochemical aptasensor based on the OMC nanomaterials for Hg2+ detection. Reproduced with
permission from reference [61]. Copyright American Chemical Society, 2018; (b) modification of OMC
nanomaterials to enhance the conductivity and stability of sensors. (b-A) The ECL behavior of luminol
at PANI/CMK/GCE in PBS solution; (b-B) the process of luminol react with the ROSs. Reproduced with
permission from reference [62]. Copyright Elsevier, 2012.

OMC nanomaterials have excellent electrochemical capacitance performance and have become
an ideal material for electrochemical capacitors [63]. Dai et al. constructed a highly porous
three-dimensional sensing interface on a glassy carbon electrode (GCE) using OMC and polyaniline.
This polyaniline/OMC composite-modified electrode is an efficient electrochemiluminescence platform
for luminol due to the attractive features of excellent electrical conductivity, extremely well-ordered
pore structure and high specific pore volume. Electrolyte ions can freely migrate in the regular pore of
mesoporous carbon to rapidly form an electric double layer and weaken the dispersion effect of the
capacitor resulting in strong charge-discharge capacity (Figure 1b). Pharmacologically, ractopamine
(RAC) is a TAAR1 and β-adrenoreceptor agonist that stimulates β1 and β2 adrenergic receptors. As a
result, RAC is an illegal active growth-promoting ingredient in the products used in food animals,
such as swine and cattle. Yang et al. constructed an electrochemical sensor using OMC for sensitive
detection of toxic RAC in swine samples [64]. OMC-modified electrode showed remarkably enhanced
electrocatalytic activity toward RAC oxidation with a great increase in electrochemical current to achieve
favorable detection sensitivity and selectivity. Moreover, OMC has been combined with Prussian blue
(PB) for signal enhancement. A three-dimensional molecularly imprinted electrochemical sensor was
developed for ultra-sensitive and specific quantification of metolcarb (a carbamate pesticide). The
introduced OMC material aimed to enhance the electrochemical response by improving the structure
of the modified electrodes to facilitate the charge transfer of PB (inherent probe) [65].

2.2. Carbon Nanotubes (CNTs)

CNTs are hollow tubular one-dimensional nanomaterials composed of hexagonal carbon atoms
identified for the first time by Iijima in 1991 [66,67]. Because of their unique spatial structure, physical
and chemical properties, and simple preparation methods, CNTs have become one of the most widely
studied carbon materials, and remarkable progress has been achieved in several research areas [68].
Usually, the main C atoms in CNTs have sp2 hybrid orbitals; when the spatial topology is formed,
sp3 hybrid orbitals can be formed. A certain degree of bending is present between the grid structures,
which are composed of hexagons. Due to the formation of the chemical bonds in the hybrid and due to
overlapping, a highly delocalized π bond in the outer layer of CNTs becomes a chemical basis for its
noncovalent binding to certain macromolecules such as proteins, nucleic acids and carbohydrates [69].
Depending on the arrangement of their graphene cylinders, CNTs can be divided into single-walled
CNTs (SWCNTs) and multiwalled CNTs (MWCNTs). In general, SWCNTs with high chemical inertness

6
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are relatively simple and have a defect-free structure and surface, while MWCNTs often have small
hole-like defects, which can be easily captured between the layers during their initial formation
making the chemical properties of MWCNTs extremely active. Various electrochemical properties of
SWCNTs and MWCNTs, such as catalytic activity [70,71], stability [72,73], electrical conductivity [74,75]
and biocompatibility [76–78], have very important applications in the construction of chemical or
biological sensors for food safety [79,80]. Chen et al. used MWCNTs to develop an acetylcholinesterase
(AChE)-based electrochemical sensor for a sensitive and cost-effective pesticide assay in environmental
and food samples [81] (Figure 2a). The MWCNTs were designed to play dual enhancement roles.
The first role is to significantly increase the surface area, facilitating the electrochemical polymerization
of PB; the second role involves the effective maintenance of the enzymatic activity of AChE decreasing
Michaelis-Menten constant (Km). The developed MWCNT-based electrochemical sensor exhibited
stable, reproducible and rapid response towards a series of pesticides in real samples.

   

           (a) (b) 

Figure 2. Significant performance of electrochemical sensors based on MWCNT materials.
(a) AChE/PB/MWNT electrochemical sensor for pesticide detection. Reproduced with permission from
reference [81]. Copyright Royal Society of Chemistry, 2008. (b) Characterization of MoS2/MWCNTs
nanocomposite: SEM, TEM and EDX. Reproduced with permission from reference [82]. Copyright
Elsevier, 2017.

A hybrid material that consists of molybdenum disulfide nanosheet (MoS2) coating of the
MWCNT surface was prepared for the determination of chloramphenicol (CAP), a broad-spectrum
antibiotic acting by interfering with bacterial protein synthesis [82] (Figure 2b). The MoS2/MWCNT
nanocomposite had great electrochemical property and displayed remarkable catalytic ability to
CAP. The MoS2/MWCNT-modified electrode responded linearly in the CAP concentration range
from 0.08 to 1392 μM and achieved a low LOD of 0.01502 μM.

CNT materials with good catalytic activity and conductivity greatly reduce overpotential and
efficiently accelerate the electron transfer in electrochemical reactions. Compared with ordinary
materials, a sensor with CNTs as modifiers usually has great sensitivity, wide linear detection
range and fast response [83,84]. Bhardwaj and coauthors utilized the Ab-SWCNT bioconjugates to
develop a convenient, low-cost paper-based electrochemical immunosensor for label-free detection
of S. aureus [85]. The anti-S. aureus Abs were covalently attached onto SWCNTs and immobilized
on the working electrode surface to recognize the analyte, causing the changes of peak current.
This remarkable sensor showed a good linearity (R−2 = 0.976) between an increase of peak current and
logarithm of S. aureus concentration (10–107 CFU mL−1) with less time (30 min) and a limit of detection
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of 13 CFU mL−1 in milk, indicating high sensitivity of the immunosensor. A multijunction sensor
was designed by Kara et al. using SWCNT for multiplexed detection of foodborne pathogens [86].
The SWCNTs and polyethylenimine were coated on gold tungsten wires and formed a 2 × 2 junction
array functionalized with streptavidin and biotinylated Abs. The introduction of SWCNTs aimed
to reduce the background noise and to emphasize the response of biorecognition reactions between
Ab and Ag. A MWCNTs/sol-gel-derived silica/chitosan nanobiocomposite was used to immobilize
cholesterol esterase (ChEt) and cholesterol oxidase (ChOx) onto indium-tin-oxide (ITO) glass [87].
This new nanobiocomposite maintains the activity and stability of ChEt and improves the sensitivity
(3.802 μA mM−1) while reducing the response time to 1002 s. Parveen et al. developed a fiber-optic
probe coated by silver and CNT/copper nanoparticle (CuNPs) nanocomposite for nitrate sensing [88].
The target nitrate was reduced during interaction with CuNPs and formed NH4

+ to change the
dielectric properties of the CNT/CuNP nanocomposite, measured as a shift of resonance wavelength.

Molecularly imprinted polymers (MIPs) have the binding sites for specific recognition of a
template molecule allowing for specific recognition in complex and difficult environments [89,90].
Therefore, MIPs have been extensively studied in purification, separation and detection of matrices in
food, medical or environmental samples in recent years [91,92]. Molecularly imprinted electrochemical
sensor is a new type of biomimetic sensors that uses MIPs as a recognition element, having high
sensitivity and selectivity, excellent stability, ease of preparation, low cost, miniaturization and easy
automation [12,93,94]. An MIP electrochemical sensor for cholesterol detection was constructed on a
GCE modified with MWCNTs and Au nanoparticles (AuNPs) [95] (Figure 3a). The MIP membrane
was electropolymerized onto the electrode surface in a solution containing p-aminothiophenol,
HAuCl4, tetrabutylammonium perchlorate and cholesterol. The Au-S bonds and hydrogen-bonding
interactions were used to enhance the stability of sensor detection. The MWCNT material introduced
into the molecular imprinting crosslinking system was used to overcome internal electron transport
barriers and to further improve the detection sensitivity of molecularly imprinted biomimetic sensors.
This feature is very important in the analysis of trace substances in the matrix of complex food products.
Yang and coworkers synthesized 3-hexadecyl-1-vinylimidazolium chloride (C16VimCl) to improve the
dispersion of MWCNTs, and to obtain MWCNTs@MIP of CAP on the MWCNT surface [96] (Figure 3b).
Furthermore, the MWCNTs@MIP was applied as a coating on a mesoporous carbon and porous
graphene (GO)-modified GCE to construct an electrochemical sensor that offers an excellent response
to CAP and satisfactory results in real samples.

 
 

(a) (b) 

Figure 3. Application of MWNTs in molecularly imprinted biomimetic sensors. (a) The preparation
procedure of AuNPs/MWNTs/GCE@MIP membrane. Reproduced with permission from reference [95].
Copyright 2015 Elsevier. (b) Scheme of the construction procedure of a MWCNTs@MIP-CAP-based
sensor. Reproduced with permission from reference [96]. Copyright Elsevier, 2015.

Yin and Li synthesized polydopamine (PDA) by monomeric self-polymerization in water and
used it to modify the surface of MWCNTs to prepare an MIP for sunset yellow [97]. The prepared
imprinted electrochemical sensor showed remarkably selective and ultrasensitive response to the
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template. The improved behavior is caused by the highly matched imprinted cavities on the excellent
electrocatalytic matrix of MWCNTs and the electronic barrier of the non-imprinted PDA. This study
proposed a convenient and efficient imprinting strategy with great potential application value in
designing other PDA-based MIP sensors. Other nanomaterials, such as metal NPs and transition
metal complexes, can be efficiently modified on CNT surfaces to obtain composite nanomaterials,
which can improve the detection performance of biomimetic sensors in food samples [98–101]. Fu et al.
were the first to electropolymerize Hg2+ imprinting poly (2-mercaptobenzothiazole) films on
the GCE surface modified by AuNPs and SWCNT nanohybrids for electrochemical detection
of Hg2+ [102] (Figure 4a). Huang and coworkers successfully prepared novel chitosan-silver
nanoparticle (CS-SNP)/graphene-MWCNTs composite-decorated Au electrode [103] (Figure 4b).
The electropolymerized molecularly imprinted film of neomycin has high binding affinity and
selectivity, and good reproducibility and stability in practical application. Pan et al. used MWCNTs
and Salen-Co(III) to sensitize a new MIP for the recognition element of a sensor for methimazole
determination [104]. This is the first report of using MWCNTs and Salen-Co(III) in MIP systems to
improve the conductivity and catalytic activity in the electrochemical oxidation process, demonstrating
that the prepared electrode has good stability and sensitivity in methimazole determination (linear
range: 0.5–6.0 mg L−1; LOD: 0.048 mg L−1).

  

(a) (b) 

 
(c) 

Figure 4. Application of CNTs in MIP-based sensors. (a) Fabrication of MWCNT@MIP-PDA
sensor for sunset yellow. Reproduced with permission from reference [97]. Copyright 2018 Elsevier.
(b) Schematic diagram of Hg(II)-imprinted PMBT/AuNPs/SWCNTs/GCE. Reproduced with permission
from reference [102]. Copyright Elsevier, 2012. (c) Preparation of CS-SNP/graphene-MWCNTs
composite-decorated gold electrode. Reproduced with permission from reference [103]. Copyright
Elsevier, 2013.
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2.3. Graphene (GR) and Its Derivatives

GR is a two-dimensional carbon material with a honeycomb lattice structure closely packed by
single-layer carbon atoms [21,22]. Its discovery disproved the prediction that isolated two-dimensional
crystals could not truly exist, thus arousing great concern in the scientific community [23]. The discovery
of GR also triggered a new wave of research on carbon materials after CNTs. The C atoms in GR are sp2
hybridized; the hybrid orbital forms the σ bond with the adjacent C atoms to form a regular hexagonal
network structure. GR possesses a super highly specific surface area (approximately 2630 m2 g−1),
and the specific capacitance of GR prepared by the chemical method can reach 100–230 F g−1 [24,25].
The GR sheet has a fold structure with the superimposition effect between the layers thus forming
nanosized holes and pores, which are conducive to the diffusion of an electrolyte. Thus, GR is an
ideal electrode material for a supercapacitor [105–107]. A flexible GR-based thin film supercapacitor
was fabricated using CNT as current collectors and GR as electrodes. Due to the combination of the
high capacitance of the thin GR film and the high conductivity of the CNT film, the fabricated devices
obtained high energy density (8–14 Wh kg−1) and power density (250–450 kW kg−1) [108]. GR with
good electrical conductivity, unique quantum Hall effect at room temperature, and extremely fast
electron mobility is an ideal material for the formation of nanoelectronic devices [109,110]. Cheng et al.
reported the enhanced performance of suspended GR-field effect transistors (GR-FETs) in aqueous
solutions. Significantly, the transconductance of GR-FETs in the linear operating modes increases by
1.5 and 2 times when the power of low-frequency noise decreases by 12 and 6 times in the case of the
hole and electron carriers, respectively [111].

On the other hand, GR materials have a relatively complete structure and stable surface, resulting
in poor dispersibility and solubility. Additionally, a strong Van der Waals force between the layers
of GR may predispose it to agglomeration, thus inhibiting the widespread use of this type of
materials [112–114]. Therefore, various inorganic and organic materials or polymers have been
used to improve the properties of GR in sensing applications. These GR composite materials have
various properties and play various roles in the construction of new food safety sensors [115,116].
Inorganic nanomaterials can be dispersed on the surface of a GR sheet to obtain GR-inorganic
nanocomposites [117–119]. Inorganic NPs can increase the spacing between the layers of GR and
reduce the force between the layers to retain the structure and properties of the monolayer GR.
This synergistic effect is important for the applications [120,121]. Liu and coworkers examined the
influence of two inorganic NPs, namely, SiO2 and Al2O3, on the adsorption of 17 β-estradiol onto
GR oxide using batch adsorption experiments [122]. The results demonstrated that the presence of
inorganic NPs significantly inhibits adsorption, and increases the time required to reach adsorption
equilibrium for the adsorption of an analyte onto GR. Thus, this study provides new insight into the
fate and transport of GR and pollutants in natural aquatic environments.

The large specific surface area of GR makes it an ideal carrier for metal NPs [123–125]. The loading
of metal NPs onto the surface of graphite sheets avoids the agglomeration of the GR sheets and
the NPs; prepared composite materials generally exhibit unique or superior properties. GR/metal
NP composites have shown tremendous value in various applications, such as energy, sensor and
optoelectronics [126,127]. Zhang’s research group designed three single-stranded DNA probes for
Hg2+ detection. GR and AuNPs were electrodeposited on the GCE surface to improve the electrode
conductivity and functionalize it with the thymine-rich DNA probe. This sensor can detect Hg2+ ranging
of 1.0 aM–100 nM with LOD of 0.001 aM, demonstrating its feasibility in developing ultrasensitive
detection strategies [128,129] (Figure 5a).
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(a) (b) 

Figure 5. Application of GR and NPs in the fabrication of sensors. (a) The construction procedure of
GR/AuNPs/GCE for detection of Hg2+. Reproduced with permission from reference [128]. Copyright
American Chemical Society, 2015. (b) GO−Pt nanocomposite-modified GCE for detection of H2O2

efflux from the cells stimulated with ascorbic acid. Reproduced with permission from reference [130].
Copyright American Chemical Society, 2014.

Another study has reported the application of GR-Pt nanocomposites for measuring H2O2 release
from the living cells. Electrochemical study demonstrated that the modified GR-Pt nanocomposites on
the GCE surface have a high peak current and low overpotential towards H2O2 reduction. The sensitivity
of the fabricated system was substantially higher than that of the PtNPs-or GR-modified electrodes [130]
(Figure 5b). Ma and Chen reduced HAuCl4 to AuNPs through cyclic voltammetry on the GR-modified
GCE. A good catalytic performance was obtained using GR/AuNPs/GCE for electrochemical oxidation
of diethylstilboestrol with good selectivity and stability in food samples [131]. A GR and CNT
nanocomposite was directly reduced onto the screen-printed electrode and electrochemically deposited
AuNPs for bisphenol A detection in aqueous solution [132].

GR can form more stable composite materials with PDA [133,134], polychitosan [135],
polyallylamine [136,137] and other polymers [138,139], thus combining the excellent performance of GR
and polymeric materials for extensive applications in food safety [140,141]. Zhang et al. successfully
applied the synthesized AgNPs to functionalize PDA-GR nanosheets (AgNPs-PDA-GNS) with uniform
and high dispersion. The PDA layer was used as a nanoscale guide to form a uniform AgNPs-PDA-GNS
surface. The resultant AgNPs-PDA-GR hybrid material was demonstrated to have strong antibacterial
properties against gram-negative and gram-positive bacteria due to the synergistic effect of GR
nanosheets and AgNPs [142]. Wang et al. were the first to prepare the poly (sodium 4-styrenesulfonate)
(PSS)-functionalized GR through simple one-step reduction of exfoliated GR in the presence of PSS.
The isopropanol-nafion-PSS-GR composite-modified GCE has superior electrocatalytic activity towards
the oxidation of clenbuterol and was successfully applied for clenbuterol determination in pork [143].
The GR/inorganic/organic nanocomposites can fully utilize the synergistic effect of various materials
and have better performance further expanding the application of GR [144–146]. Zhou and coworkers
electrodeposited the composite membrane of GR/conductive polymer/AuNPs/ionic liquid onto the
electrode surface to achieve good stability; GR and AuNPs can ensure an efficient rate of electron
transfer. This fabricated electrode was applied for aflatoxin B1 detection achieving LOD of 1 fmol L−1,
concentration range of 3.2 fmol L−1–0.32 pmol L−1, and recovery of 96.3–101.2% in food samples [147]
(Figure 6a). Nitrogen-doped GR with dispersed CuNPs was successfully prepared by one-pot synthesis
and applied to construct an amperometric nonenzymatic sensor of glucose with high selectivity and
reproducibility and acceptable recovery in complex foods [148].
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(a) (b) 

Figure 6. Application of GR combined with ionic liquid in electrochemical sensors. (a) GR/conductive
polymer/AuNPs/ionic liquid membrane sensor for aflatoxin B1 detection. Reproduced with permission from
reference [147]. Copyright 2012 Elsevier. (b) The preparation procedure for MIP/Au-PB/SH-G/AuNPs/GCE.
Reproduced with permission from reference [149]. Copyright 2018 Elsevier.

The combination of GR with MIPs and ionic liquids further enhances the performance of
molecularly imprinted biomimetic sensors and expands their applications in food safety [150]. A new
molecularly imprinted electrochemical sensor for carbofuran detection was constructed by decorating
reduced GR oxide and AuNPs (rGO@AuNPs), which has high adsorption capacity and good selectivity
in the detection process of vegetable samples [151]. Thiol GR and AuNPs were introduced to increase the
specific surface area to enhance the signal of a probe (PB-AuNPs) immobilized molecularly imprinted
electrochemical sensor for selective detection of tebuconazole in vegetable and fruit samples [149]
(Figure 6b). Room-temperature ionic liquids are highly conductive and stable and have good solubility
in several inorganic salts and organic substances; they are widely used in electrochemistry and organic
synthesis [152–154]. Zhao et al. were the first to develop a MIP-ionic liquid-GR composite film of methyl
parathion. The ionic liquid-modified GR oxide was electrochemically reduced and MIP suspension
followed. The developed sensor displayed high selectivity and stability in determination of methyl
parathion in the samples (recovery: 97–110%, LOD: 6 nM) [155]. For the determination of carbaryl, an
imprinted poly (p-aminothiophenol) (p-ATP) film sensor was constructed with chitosan-AuPt alloy NPs
and GR-ionic liquid-Au with Fe(CN)6

3−/Fe(CN)6
4− as electrochemical probe. The chitosan-AuPtNPs

and GR-ionic liquid-Au composites were responsible for immobilization of p-ATP monomer and
improvement of electrochemical response [156].

The outstanding fluorescence of GR quantum dots (GR-QDs) is an important property [157–159].
Currently, GR-QDs that emit fluorescence at various wavelengths can be prepared by controlling the
experimental conditions. Compared with traditional QDs, GR-QDs are chemically inert and have low
toxicity, good biocompatibility, water solubility photo-bleaching, unique structure and excellent GR
characteristics [160,161]. The surface of GR-QDs usually contains oxygen-containing groups, such as
–OH and –COOH, which are beneficial to further functional applications. Therefore, GR-QDs are of
great potential value in biological imaging, drug targeting transportation, sensors, photoelectrocatalysis,
electroluminescence and other areas [162–164]. Wang et al. developed a fluorescent method
for ochratoxin A (OTA) detection using iron-doped porous carbon and aptamer-functionalized
nitrogen-doped GR-QDs as the probes, which can detect concentrations of OTA in the range of
10–5000 nM with LOD of 2.28 nM [165]. Gondim et al. developed an electrochemical method based on an
assembly of GR-QDs for the detection of sulfonamide residues, which demonstrated to have a significant
increase in detection sensitivity [166]. A sensitive electrochemical sensor based on GR-QDs/riboflavin
was constructed and utilized for the determination of persulfate (S2O8

2−). The electron transfer
coefficient (α) and the heterogeneous electron transfer rate constant (Ks) for riboflavin redox reaction
on GR-QDs/riboflavin-modified GCE achieved 0.52 and 6.59 s−1, respectively. This material exhibited
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an excellent electrocatalytic activity for S2O8
2− reduction with LOD of 0.2 μM, concentration calibration

range from 1.0 μM to 1 mM and sensitivity of 4.7 nA μM−1 [167].

2.4. Carbon Dots (CDs)

Fluorescent carbon NPs or QDs (CDs) are a new class of carbon nanomaterials that have emerged
recently and have attracted considerable interest as competitors to conventional semiconductor
QDs [26,168,169]. In addition to comparable optical properties, desired advantages of CDs have
desired advantages of low toxicity, environmental friendliness, low cost and simple synthetic routes.
The surface passivation and functionalization of CDs also allow their physicochemical properties to be
controlled [27,170–172]. These characteristics have led to numerous applications of CDs in the areas of
chemo- and biosensing, bioimaging, photocatalysis and electrocatalysis [173–176].

Costas-Mora et al. have reported the ultrasound-assisted synthesis of CDs and its application as
optical nanoprobe in the detection of methylmercury [177] (Figure 7a). The application of high-intensity
sonication achieves simultaneous the synthesis for fluorescent CD and the selective recognition of the
target methylmercury. The assay can be finished within 1 min, with a LOD of 5.9 nM and repeatability
expressed as RSD of 2.2% (n = 7). Li et al. designed a label-free bioplatform for organophosphorous
pesticide (OP) detection through dual-mode (fluorometric and colorimetric) channels based on
AChE-controlled quenching of CD fluorescence [178] (Figure 7b). This dual-output assay has good
sensitivity, with a LOD of 0.4 ng mL−1 (paraoxon), potentially indicating a promising candidate for OP
detection. Wang et al. synthesized fluorescent CDs and used them as the signal probes in conventional
ELISA to improve the sensitivity. In this strategy, the enzymatically formed products of HRP/alkaline
phosphatase efficiently quench the fluorescence of CDs. In the application of detection of residual
amantadine in chicken muscle, this fluorescent immunoassay obtains a LOD of 0.02 ng mL−1 [179]
(Figure 7c).

The core of the quantum-sized CDs includes carbon atoms stabilized by proper ligands. The main
obstacle to development of CD-based sensing devices is fixing CDs in a suitable matrix to maintain
their properties and to ensure effective penetration of the analyte while preventing CDs from
leaching [26,180,181]. The carboxylic CDs functionalized with citric acid and malic acid were reported
to be applied as a nanoquencher for nucleic acids detection in a homogeneous fluorescent assay.
For these two types of CDs, a superior detection range of at least 3 orders of magnitude was achieved.
These findings provided a valuable insight into the use of CQD in the fabrication of future DNA
biosensors [182] (Figure 8a).

 
 

(a) (b) 

Figure 7. Cont.
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(c) 

 

Figure 7. Application of CDs fluorescence quenching for the detection of harmful substances. (a) The
mechanism involved in the CD fluorescence quenching for methylmercury detection. Reproduced with
permission from reference [177]. Copyright 2014 American Chemical Society. (b) The principle of inner
filter effect-based fluorescence quenching of CDs. Reproduced with permission from reference [178].
Copyright Elsevier, 2018. (c) Scheme of the CD-based fluorescent ELISA for amantadine detection.
Reproduced with permission from reference [179]. Copyright Elsevier, 2019.

 
 

(a) (b) 

Figure 8. Functionalized CDs for fluorescence detection. (a) Schematic illustration of the carboxylic
carbon quantum dot (CQD)-based fluorescent detection of DNA. Reproduced with permission from
reference [182]. Copyright 2016 American Chemical Society. (b) Schematic illustration of pattern
recognition of bacteria based on three different receptor-functionalized CDs. Reproduced with
permission from reference [183]. Copyright Elsevier, 2019.

The identification and quantitative analysis of bacteria is a crucial issue in food safety.
Conventional methods require long culture time, highly skilled operators, or specific recognition
elements to each type of bacteria. The sensor arrays offer a rapid, cost-effective and simple approach
using multiple cross-reactive receptors. Facile construction of a fluorescence sensing array based
on CDs functionalized with different receptors was reported for identification of various bacteria.
Three types of receptors (boronic acid, polymixin and vancomycin) yielded CDs that are able to bind to
various bacteria due to variable physicochemical nature of various bacterial surfaces [183] (Figure 8b).

CD-embedded MIP materials have become an ideal strategy. Xu et al. were the first to synthesize
highly blue luminescent CDs followed by a nonhydrolytic sol-gel process for MIP layer formation on
the surface. CDs acted as antennas for signal amplification and optical readout and MIP provided
specific target-binding sites. Compared with the non-imprinted polymer, CD@MIP-based assay was
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demonstrated to have excellent selectivity and sensitivity for sterigmatocystin in grains [184] (Figure 9a).
In another case, the quantification of tetracycline (TC) in milk, honey and fish samples was achieved
using effective luminescence of CDs and specific adsorption of MIPs [185–187] (Figure 8b,c). These CD
and MIP-involved assays for food safety have revealed two key points of design of luminescent
nanomaterial-based MIPs. Specifically, the intense and stable fluorescence signal should be able to pass
through the polymer crosslinking layer and further produce a signal readout through the interaction
with the target analyte. Additionally, the sufficient cavities in the imprinting polymers are critical for
specific recognition to the targets.

  

(a) (b) 

 

(c) 

Figure 9. Application of MIP@CD sensor in fluorescence detection. (a) Scheme of preparation procedure
of CDs@MIP material. Reproduced with permission from reference [184]. Copyright Elsevier, 2016.
(b) Scheme of the fluorescence detection process of TC in honey. Reproduced with permission from
reference [185]. Copyright Elsevier, 2018. (c) Schematic diagram of the preparation of MIP@CDs and
the identification mechanism of IFE quenching. Reproduced with permission from reference [186].
Copyright Elsevier, 2018.

3. Conclusions

Various nanoscale carbon-based materials are excellent materials for the construction of the
sensors due to their outstanding performances. A considerable number of theoretical and practical
studies have been carried out describing the preparation, modification and application of carbon-based
nanomaterials in the food testing-related field. Substantial progress has been achieved, thus fully
demonstrating the prospects of carbon-based nanomaterials as a new sensor construction material.
The development of advanced preparation technology, nanotechnology and sensing technology will
lead to more advances in the use of carbon-based nanomaterials in studies of food analysis.
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Abstract: Pharmaceuticals, as a contaminant of emergent concern, are being released uncontrollably
into the environment potentially causing hazardous effects to aquatic ecosystems and consequently
to human health. In the absence of well-established monitoring programs, one can only imagine
the full extent of this problem and so there is an urgent need for the development of extremely
sensitive, portable, and low-cost devices to perform analysis. Carbon-based nanomaterials are the
most used nanostructures in (bio)sensors construction attributed to their facile and well-characterized
production methods, commercial availability, reduced cost, high chemical stability, and low toxicity.
However, most importantly, their relatively good conductivity enabling appropriate electron transfer
rates—as well as their high surface area yielding attachment and extraordinary loading capacity
for biomolecules—have been relevant and desirable features, justifying the key role that they have
been playing, and will continue to play, in electrochemical (bio)sensor development. The present
review outlines the contribution of carbon nanomaterials (carbon nanotubes, graphene, fullerene,
carbon nanofibers, carbon black, carbon nanopowder, biochar nanoparticles, and graphite oxide),
used alone or combined with other (nano)materials, to the field of environmental (bio)sensing,
and more specifically, to pharmaceutical pollutants analysis in waters and aquatic species. The main
trends of this field of research are also addressed.

Keywords: sensors and biosensors; carbon nanomaterials; environment; aquatic fauna; waters

1. Introduction

The unintended presence of pharmaceuticals in the environment has been raising awareness
from the scientific community and regulatory authorities given the possible adverse effects on aquatic
ecosystems and human health. With the world population increasing, and predicted to reach 9.7 billion
by 2050 [1] in conjugation with the increase of life expectancy, the pressure caused by pollutants and
particularly pharmaceuticals on the environment is clearly expected also to rise. This seems to be
avoidable or at least mitigated if preventive measures and efficient treatment procedures become
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implemented soon. For instance, information and knowledge acquired through efficient monitoring
methods may have a crucial role in the environment preservation by contributing to establish regulation
on maximum levels and effective measures against this problem.

The occurrence of pharmaceuticals in the environment are mainly due to technological limitations
in wastewater treatment (WWT) related with anthropogenic activities [2–4]. Conventional wastewater
treatments, still widely implemented as main processes, cannot efficiently remove pharmaceuticals
from effluents [5–7]. Inefficiency of WWT in the total removal of pharmaceuticals is proved by different
recent studies that have detected pharmaceuticals in the range of ng L−1 to μg L−1 in water samples
collected nearby wastewater discharges or in effluents from medical care units and municipal treatment
plants [8–11]. Other pathways of aquatic contamination are related with the application of veterinary
drugs in aquaculture and agriculture [12–15].

Pharmaceuticals are designed to perform specific biological functions within an organism during
a period until excretion. Their inherent physicochemical properties makes them to be, at some extent,
persistent, liable to bioaccumulate in living tissues and toxic (designated as PBT substances) [3]. In this
perspective, the OSPAR commission [16], which is dedicated to the protection and conservation of
the North-East Atlantic Ocean and its resources, has identified about 25 pharmaceutical drugs and
hormones (17α-ethinylestradiol, 17β-estradiol, chloroquine, chlorpromazine, closantel, clotrimazole,
diethylstilbestrol, dimetacrine, estrone, flunarizine, fluoxetine, fluphenazine, mestranol, miconazole,
midazolam, mitotane, niflumic acid, niclofolan, fluphenazine, pimozide, prochlorperazine, penfluridol,
trifluoperazine, trifluperidol, timiperone) that could negatively affect marine ecosystems based on their
PBT characteristics. However, it is surprising that most of these pharmaceuticals are not considered in
pharmaceutical screening studies, probably explained by their low worldwide consumption.

Although not considered as persistent as other pollutants (such as organochlorine pesticides,
polychlorinated biphenyls, and dioxins) [17–19], pharmaceuticals’ continuous use and subsequent
discharge makes them ubiquitous in the environment and therefore termed as ‘pseudo-persistent’
compounds [3,4]. The bioavailability of pharmaceuticals makes them susceptible to ingestion
and absorption by the surrounding fauna, as demonstrated by several studies focused on biota
analyses [4,20–22], which is suggestive that bioaccumulation can occur. In a study conducted by
Howard and Muir [23], about 92 pharmaceuticals were estimated to be potentially bioaccumulative
from a database of 275 frequently found in the environment. Chronic exposure to pseudo persistent
pharmaceuticals, even at trace levels, can have a significant impact on non-target organisms.
The negative effects of endocrine disruptive compounds (EDC) on the reproductive characteristics
and behavior of organisms’ aquatic fauna are well documented. Synthetic hormones such as
17α-ethinylestradiol or diethylstilbestrol are examples of potent EDC [24], that are included as
well as other hormones in the EPA Contaminant Candidate List as priority for information and
regulation measures [25]. Non-steroidal anti-inflammatories [26,27] and antidepressants [28] are
other classes of drugs with evidence of disruptive capacity. Also the exposure to antibiotics that are
continuously released through wastewater discharges or as veterinary drugs in aquaculture activities
may affect natural microorganisms leading to bacterial resistance, posing at risk aquatic fauna and
consequently human health [29]. Another concern on ecotoxicity is the synergetic effect that multiple
drugs seem to exert in non-target organisms [30,31], however, information on possible effects of
mixtures is still scarce and with unpredictable results [2,32].

Environmental analysis of pharmaceuticals has been predominantly performed in aqueous matrices,
failing to give a more extended and comprehensive risk assessment [4]. Furthermore, these analyses
have been mostly performed through hyphenated methods, conjugating separation, and detection.
Chromatography and spectroscopic detection based on mass spectrometry or spectrophotometry have
been widely applied as analytical techniques of choice since they enable multi-residue analysis with
high selectivity and good sensitivity [33,34]. Yet, although being very reliable and efficient methods,
they are also bulky and expensive techniques requiring highly specialized personnel for their operation.
Thus, there is an excellent scope for the application of sensor technology comprising a range of different
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techniques including chemical sensors and biosensors. In pharmaceutical analysis, sensor technology
is mostly based on electrochemical and optical (fluorescence, colorimetric, surface plasmon resonance,
etc.) detection principles [35,36]. Particularly, electrochemical (bio)sensors constitute a versatile and
viable option, meeting sustainable practices by using reduced sample volumes and reagents [37,38].
This technology relies on modified electrode surfaces for transduction of redox reactions. The signal
generated by the transfer of electrons between the transducer and the analyte is amplified in the equipment
and finally displayed [39,40]. The possibility of designing portable and simple (bio)sensor devices at lower
costs enables in-situ applications, which is a major advantage and therefore a viable alternative to the more
conventional chromatographic methods in respect to environmental analysis. Moreover, a competitive
characteristic of electrochemical (bio)sensors is their potential to be miniaturized, with emphasis on
the contribution of nanotechnology in this process. Nanostructuration based on carbon materials takes
advantage of their unique properties enabling the construction of (bio)sensors with enhanced performance
with high surface-to-volume ratio (Scheme 1). Since this type of (bio)sensor is based on the processing
of an electrical signal, it seems evident the importance of conductive materials in the enhancement of
that signal. Although carbon nanomaterials have lower conductivity compared to metals, they present a
metallic or semiconductive behavior [41] (resistivities in the order of 10−4 Ω cm [42,43]) suitable to achieve
high electron transfer rates. Furthermore, the easy processing of a relatively abundant chemical element
(carbon) enables facile fabrication and commercial availability of carbon nanomaterials at acceptable cost.
These are significant advantages over other competitive nanomaterials (essentially metallic nanoparticles),
leading to their wide application in (bio)sensors technology [44–46]. However, the research available on
this subject is still very limited, especially regarding biota analysis [35,36,47,48].

Scheme 1. Characteristics and advantages of nanostructured carbon-based electrochemical (bio)sensors
to quantify pharmaceuticals as emergent pollutants in different matrices.

In the present study, a literature review is carried-out concerning the use of electrochemical
(bio)sensors exclusively nanostructured with carbon-based materials (single and multi-walled
carbon nanotubes, graphene, fullerene, carbon nanofibers, carbon black, carbon nanopowder,
biochar nanoparticles, and graphite oxide) for emerging pharmaceutical pollutants detection in
waters and aquatic species. Here, we give insight on the characteristics of the different carbon
nanomaterials (and developed nanocomposites) used in the (bio)sensor assembly, addressing the
achieved electroanalytical performance as comparative criteria between the described (bio)sensors.
As far as we know, this is the first review exclusively focused on the application of electrochemical
(bio)sensors for pharmaceuticals detection in the selected matrices. Moreover, this work clearly shows
the high contribution of nanomaterials towards the development of extremely sensitive (bio)sensors.
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A total of 108 pharmaceutical drugs were considered in the literature search for the review.
The selective criterion was based in those frequently found in the environment accordingly to recent
chromatographic studies dedicated to pharmaceuticals monitoring in aquatic fauna [22,49–58] and
waters [8–11,59–62]. Additionally, the 25 pharmaceuticals included in the list of OSPAR Commission [16]
as well as the top 20 most consumed in Portugal [63] and USA [64] were also taken in consideration.

2. Nanostructured Carbon-Based (Bio)Sensors for Pharmaceutical Pollutants

2.1. Graphene

Graphene is a single-crystal layer of sp2-bonded carbon atoms (honeycomb-like 2D arrangement),
which represents the basic form to build all other carbon allotropes. (Bio)sensors based on this
nanomaterial demonstrate an impressive performance to monitor the diffusion and persistence of
pharmaceutical and their metabolites in diverse matrices [65–67] being therefore one of the most
described nanomaterials in the present review with a total of 21 developed (bio)sensors (Table 1).

As expected, antibiotic pharmaceuticals were widely studied by graphene-based (bio)sensors
due to their ubiquitous presence in the environment. In this sense, assuming possible contamination
by antibiotics in Chinese breeding sites and subsequent deleterious effects on consumers’ health,
Chen et al. [68] developed a fast and accurate electroanalytical method to assess the presence of
ciprofloxacin in shrimp and sea cucumber cultures. The quantification was performed by differential
pulse voltammetry (DPV), using a sensor based on graphene oxide (GO) dispersed in a hybrid
matrix of sodium polyacrylate-chloropalladic acid. The authors achieved a wide linear range and
sensitivity above those obtained with other electrochemical platforms structured with multi-walled
carbon nanotubes (MWCNT), MgFe2O4-MWCNT, β-cyclodextrin/L-arginine, poly(alizarin red),
and horseradish peroxidase. Silva and Cesarino [69] proposed a nanocomposite electrochemical
sensor for sulfamethazine detection based on gold nanoparticles (AuNPs) and reduced graphene
oxide (rGO) immobilized on glassy carbon electrode (GCE). Composite materials can be defined as a
combination of two or more materials which are physically distinct, dispersed in a controlled way
to achieve optimum properties and in which the properties are superior to those of the individual
components [70]. Furthermore, the International Union of Pure and Applied Chemistry (IUPAC) defines
nanocomposites as composite materials in which at least one of the phases has at least one dimension
of the order of nanometers [71]. Under DPV optimized conditions, the as-prepared GCE/rGO-AuNPs
electrode was successfully applied to quantify the referred antibiotic in synthetic effluent samples,
even in the presence of other potential organic interferences (estriol, carbaryl, and trimethoprim).
Only the carbaryl pesticide influenced the recovery tests (93.91–109%) because it oxidizes close to the
potential of the target molecule. Chen et al. [72] developed a promising alternative for point-of-care
monitoring of sulfamethoxazole, using rGO modified screen-printed electrodes (SPE) as analytical
tools. The main innovation of this proposal is the use of ascorbic acid as a GO reducing agent
and agglomeration inhibitor since this reagent weakens the stacking and van der Waals interactions
between graphene flakes. Associating SPE/rGO and DPV, the authors obtained stable and accurate
measurements, enabling a limit of detection (LOD) of 0.04 μmol L-1 sulfamethoxazole and high yields
for tests performed in lake water and tap water.
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Thinking about disposable and portable devices for in situ analysis, Lorenzetti et al. [73] also used
SPE/rGO to determine the total content of tetracyclines (tetracycline, chlortetracycline, doxycycline,
and oxytetracycline) in river water by adsorptive stripping differential pulse voltammetry (AdS-DPV).
rGO enhanced the electroanalytical signal by increasing the active area of the device, but the method
has a short linear range (20–80 μmol L-1) and relatively low inter-electrode precision (RSD = 18%),
indicating that this proposal still needs to be refined to increase its applicability. Better results were
found by Sun et al. [74] when employing a GCE/graphene/L-cysteine platform to quantify tetracycline.
Both modifiers promoted electronic conduction, reducing the charge-transfer resistance assessed by
electrochemical impedance spectroscopy (EIS). This synergistic effect contributed for the amplification
and catalysis of the electroanalytical signal, justifying the more attractive results in comparison to
the system mentioned earlier. By monitoring tetracycline oxidation on GCE/graphene/L-cysteine by
DPV, a linear range from 8.0 to 140 μmol L-1, LOD = 0.12 μmol L-1, and RSD = 4.03% for inter-sensor
precision tests were obtained. The proposed electroanalytical method was successfully applied in the
quantification of the analyte in tap water, river water, and lake water, attesting its efficiency.

Seeking an alternative for monitoring the antibiotic metronidazole in biological fluids and lake
water, Liu et al. [75] used a composite film derived from cysteic acid and poly(diallydimethylammonium
chloride)-functionalized graphene as electrode material for ultrasensitive determination of metronidazole.
The steps from graphene functionalization to sensor development are shown in Figure 1. This modifier
was indispensable to record a well-defined reduction peak that was used to determine this antibiotic
within different linear ranges (0.01–1 μmol L−1 and 70–800 μmol L−1), with a LOD of 2.3 nmol L−1.
Li et al. [76] produced petal-like graphene-silver nanoparticle (AgNPs) composites with highly exposed
active edge sites for the same purpose. Physicochemical characterization indicated that petal-like
graphene is an ideal nucleation material for AgNPs deposition through the modified silver mirror
reaction, without destroying its intrinsic structural properties. The quantification of metronidazole on
GCE/graphene/AgNPs was also performed within bimodal linear ranges, however achieving a ten times
higher LOD value. In turn, Yang et al. [77] managed to achieve the lowest LOD value (1 nmol L−1) for the
same drug using an electrochemical sensing platform based on three-dimensional graphene-like carbon
architecture and polythionine which was applied in several type of waters. Among other advantages,
the authors highlighted the 3D porous structure, large electroactive surface area, excellent electrical
conductivity, and electrocatalytic effect of the nanostructured modifier towards metronidazole reduction.
The selectivity of the electroanalytical method in the presence of different cations (Mg2+, Na+, and K+),
anions (SO4

2−, NO3
−, PO4

3−, and CH3COO−) and organic compounds (glucose, acetaminophen,
p-nitrophenol, p-aminophenol, o-aminophenol, imidazole, benzimidazole, and 2-methylimidazole)
reiterated its viability. Despite the many positive points found in the electrochemical sensors mentioned
above, the simultaneous electroanalytical determination of antibiotics remains an important barrier
to overcome. In this context, a promising platform (GCE/sulfonated graphene/AgNPs) to determine
chloramphenicol and metronidazole in parallel was reported by Zhai et al. [79]. Application tests
performed with shrimp samples showed that the proposed sensor achieved recoveries comparable to
the chromatographic standard method. Clearly, the first option (sensor) is more attractive in terms of
speed, cost, operationality, and waste generation.

Graphene-based electrochemical (bio)sensors are also especially useful for electroanalysis of
non-steroidal anti-inflammatory drugs. Such compounds are often sold over-the-counter, facilitating
the practice of self-medication by consumers and consequently increasing their release into the
environment. Regarding this type of compounds, Prado et al. [80] reported a spectroelectrochemical
study focused on monitoring acetylsalicylic acid, using a platinum electrode modified with rGO-AuNPs
as working sensor (Pt/rGO-AuNPs). The hybrid modifier improved the sensitivity of the device,
allowing determination of low analyte concentrations even in the presence of potential electroactive
interferences, such as ascorbic and uric acid. The method was successfully applied to analyze the
drug in wastewater through a simple, fast and direct protocol. Dhanalakshmi et al. [81] engineered a
glutathione grafted GO-ZnO nanocomposite that enhanced piroxicam sensing. The modifier’s nano-size
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arrangement provided a remarkable amplification and electrocatalysis of the analyte oxidation signal
since this material facilitates the charge-transfer processes by increasing the active area of the device.
Using GCE/ZnO-GO-glutathione under optimized voltammetric conditions, it was possible to quantify
piroxicam at nanomolar concentrations in water samples with good recoveries. These results were
cross-checked by high-performance liquid chromatography. Okoth et al. [82] developed a sensor for
simultaneous determination of diclofenac and acetaminophen using poly(diallyldimethylammonium
chloride)-functionalized GCE/graphene. During drug analysis, the authors realized that graphene
enhanced the electrooxidation peak currents, while the positively charged polyelectrolyte provided
well-separated peak potentials. The proposed electrochemical sensor achieved high sensitivities for
both drugs, being suitable for their analysis in lake water.

Figure 1. Layout of graphene functionalization and development of L-cystine/PDDA-graphene/GCE
electrochemical sensor-(A) exfoliated graphene oxide, (B) poly(diallydimethylammonium
chloride)-functionalized graphene obtained by a microwave-heating procedure, (C) functionalized
graphene modified GCE, and (D) immobilization of L-cystine on functionalized graphene modified
GCE by electrochemical grafting (reproduced from [75], with permission from Elsevier, 2012).

Also, synthetic and natural hormones are widely spread in the environment and therefore
object of considerable study from graphene-based (bio)sensors. Looking for alternative technologies
to monitor 17β-estradiol in aqueous matrices, Li et al. [84] identified an impressive sensitivity
(LOD = 0.819 nmol L-1) when working with Fe3O4 nanobeads-rGO/GCE as a novel molecularly
imprinted (MIP) sensor. A general scheme from the nanocomposite production to the recording of the
sensor signal is shown in Figure 2. Naturally, the double-layer capacitance changes as deposition of
modifiers is performed, but the system became more resistive after immobilizing the non-conducting
MIP membrane on the transducer surface. In contrast, the abundant imprinted cavities allowed the
selective 17β-estradiol diffusion through this membrane and preserved an expressive electrochemical
response in the presence of Fe3O4 nanobeads-rGO nanocomposite. Moraes et al. [85] also proposed a
sensitive sensor for 17β-estradiol based on Cu(II)-meso-tetra(thien-2-yl)porphyrin supported over the
rGO surface. Though the LOD value was about 6-times higher than the previous study, MIP-based
sensors have significant hysteresis since the template is irreversibly bond to the imprinted sites and
cannot be desorbed without additional treatment.
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Figure 2. General scheme of Fe3O4-MIP-rGO/GCE sensor development and electroanalytical signal
related to the oxidation of 17β-estradiol (reproduced from [84], with permission from Elsevier, 2015).

Still commenting on the negative impacts of non-steroidal hormones, a worldwide concern on
development of sensors for diethylstilbestrol in the most diverse matrices exists. This compound
has a stilbene-like estrogen structure and it was identified as the first scientifically proven
endocrine-disrupting drug, which reinforces the need for its monitoring. Gevaerd et al. [89] developed
a simple methodology for sensing of diethylstilbestrol using disposable graphene quantum dots
(GQD/SPE) platforms. This novel material has exceptional electrochemical and optical properties which
are advantageous for electrochemical biosensors as highlighted in a recent review [91]. The proposed
sensor achieved suitable sensitivity (LOD = 8.8 nmol L−1) and precision (RSD < 5.0% for repeatability
tests) to quantify the analyte in tap water spiked samples, enabling good recoveries. Hu et al. [88]
used graphene prepared via one-step exfoliation in N-methyl-2-pyrrolidone as active material to
determine diethylstilbestrol and 17β-estradiol simultaneously with similar LOD values compared
with the previous sensor. On the surface of liquid-phase exfoliated graphene/GCE, an independent
and greatly-increased oxidation wave was observed for each compound, showing the importance
of the nanostructured modifier in the sensor configuration. The obtained analytical performance to
detect diethylstilbestrol and 17β-estradiol in lake water samples were satisfactory, also presenting
excellent recoveries (99.0–104.4%). However, the authors pointed out that the graphene-modified GCE
was unqualified for successive measurements due to surface fouling and continuous suppression of
oxidation peaks, i.e., a new sensor was required for each measurement.

Biosensors based on immunological and deoxyribonucleic acid (DNA) elements perform target
biorecognition with high affinity and specificity, usually achieving low LODs in the order of
pico- to femto- mol L−1. For example, a graphene-based aptasensor developed for 17β-estradiol
reached a notable LOD of 1 × 10−8 μmol L−1 being the lowest value of the graphene (bio)sensors
presented in Table 1. In this proposal, a gold electrode with a self-assembled monolayer of
6-mercapto-1-hexanol was further modified with a dispersion complex of graphene and 17β-estradiol
aptamer. Here, graphene serves as attachment platform for the aptamer and as well as signal
enhancer. Tap water samples were taken and spiked in order to validate the aptasensor [86].
In turn, the immunosensor for the same hormone developed by Li et al. [87] involved a more
cumbersome endeavor by using a graphene-polyaniline (PANI) complex, a ethylenediamine-core poly
(amidoamine)-gold nanoparticles (PAMAM-AuNPs) composite and horseradish peroxidase-graphene
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oxide-antibody (HRP-GO-Ab) conjugates, but obtained instead a fairly LOD value of 0.027 μmol
L−1. Proper validation was also performed in spiked tap water samples [87]. The presence of the
synthetic hormone 17α-ethinylestradiol in river and tap water was also studied by a graphene-based
immunosensor [90]. This method is based on a pre-concentration step occurring in a paper substrate
containing silica nanoparticles (SNPs) and the hormone antibody. The paper substrate is then placed
on top of a SPE modified with rGO where 17α-ethinylestradiol is detected after desorption with diluted
H2SO4. The immunocapture and pre-concentration procedures revealed an outstanding analytical
performance by achieving an outstanding LOD of 3.37 × 10−7 μmol L−1, which enabled positive
determinations of 17α-ethinylestradiol in all the real samples analyzed.

In a brief overview of Table 1 it can be easily observed that GCE transducers were selected in most
studies as a substrate for subsequent modifications as they are widely used in electrochemistry due to
their robustness, well characterized surface properties, and easy modification. Alternatives to their use
were based on Pt [80], Au [86], FTO [83], and on the miniaturized and versatile 3-in-1 screen-printed
electrodes [72,73,89,90]. Regarding the detection technique, DPV was frequently employed due to its
superior sensitivity, followed by LSV. Also, as a note, in most studies graphene was obtained through
graphite processing accordingly to a modified Hummer’s method despite being commercially available
as dispersion solution or powder, in oxidized or reduced form. This manufactured method consists in
the synthesis of graphene oxide through chemical oxidation of natural graphite by using NaNO3 and
KMnO4 in concentrated H2SO4 or by conjugating with different oxidizers in order to prevent toxic
by-products and increase yield [92].

It is worth mentioning that although graphene-based (bio)sensors demonstrate a set of advantages
for screening emerging pharmaceutical pollutants, there are other carbon nanostructures that also
present satisfactory results for the same purpose, either alone or in association with other materials, as
will be discussed in the next sections.

2.2. Carbon Nanotubes

Carbon nanotubes (CNT) in the form of individual (Single-walled carbon nanotubes, SWCNT)
or multiple concentric tubes (multi-walled carbon nanotubes, MWCNT) are well-established in
the (bio)sensor field as valuable nanomaterials given their relevant electronic and mechanical
properties [93–95]. Although there is not a strict consensus, the remarkable electrocatalytic behavior of
CNT can be associated with edge-plane like sites present in the open ends and in defect areas along
the surface or attributed to reactive groups or metallic impurities present in their structure [96–98].
Additionally, CNT surfaces are easily modified with different functional groups which facilitates the
attachment of biological entities to develop biosensors. Therefore, all these characteristics have been
extensively used in the development of electrochemical (bio)sensors [46,99–103].

About 26 works have employed CNT, solely or in combination with other non-carbon nanomaterials,
in the (bio)sensor assemblies that were applied for the detection of a total of 25 different pharmaceuticals
from 6 classes. The type of nanostructured modification, its characteristics, and analytical performance
are presented in Table 2. In general, the detection of pharmaceuticals was performed through diverse
electrochemical techniques with DPV being the most frequently used technique.

According to Table 2, the synthetic hormone 17α-ethinylestradiol, was the most studied drug
by CNT-based (bio)sensors. Regarding this hormone, the (bio)sensor with the highest sensitivity
(LOD of 3.4 × 10−8 μmol L−1) also coincided with the simplest one developed: a GCE modified with
Nafion®-dispersed MWCNT [104]. This method consisted in an extraction step performed previously to
detection, based on immunoaffinity principles where magnetic nanoparticles with attached antibodies
were incubated in the sample containing the hormone and then recovered by a magnet and released in
the electrochemical cell. During applicability tests, a concentration of 2 × 10−5 μmol L−1 was found in
unspiked river water [104]. Also, a low value of LOD (0.0033 μmol L−1) for this hormone was achieved
by the sensor presented recently by Nodehi et al. [105], which combined the synergetic effect of MWCNT,
metal oxide nanoparticles (Fe3O4), and AuNPs. This sensor was validated in spiked wastewater and
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natural water samples, but no traces of the hormone were found in unspiked samples. In the contribution
presented by Liu et al. [106], a GCE/MWCNT-Nafion® was further modified by electropolymerizing
a transition metalloporphyrin compound (Ni(II)tetrakis(4-sulfonatophenyl) porphyrin–NiTPPS) to
increase the electrocatalytic capacity of the sensor. Porphyrins and metalloporphyrins have been
applied in photochemical and electrochemical applications due to their catalytic properties [107].
The detection of the hormone was conducted by amperometry at +0.7 V in a flow injection system,
where a linear range from 0.2 to 60 μmol L−1 and a LOD of 0.12 μmol L−1 was obtained. Spiked samples
of lake, underground well, and tap water were used to validate the sensor [106]. In a similar chemical
modification, a cobalt based phthalocyanine (CoPc) was used for signal enhancement. Previously to
this deposition, GCE was first modified with three different carbon materials (graphite, MWCNT,
and rGO) and the performances were compared by cyclic voltammetry (CV). Although rGO and
MWCNT obtained a similar peak intensity, the later was chosen to modify the GCE since the peak
was better defined due to lower capacitive current. The GCE/MWCNT/CoPc was applied for the
detection of 17α-ethynilestradiol in river water, first unspiked (<LOD) and then spiked with known
amounts in order to validate the method [108]. Taking in consideration all the (bio)sensors developed
for 17α-ethinylestradiol, this last sensor displayed the least sensitivity (higher value of LOD) probably
due to a lower level of nanostructuration of the surface when compared to the other works.

As can be seen in Table 2, GCE was widely used as electrode of choice, with a few exceptions.
Systematically, their surface has been modified first with CNT, alone or as composites, to substantially
increase the surface area, maintaining at the same time the chemical stability of the (bio)sensor
and opening ways for subsequent modifications. One of the exceptions regards the analysis of
acetaminophen through a gold-based electrode [109]. More specifically, a commercial digital versatile
disc made of gold was cut and a nanocomposite mixture of MWCNT and copper nanoparticles
(CuNPs) was deposited on its surface. At optimized pH 9, the sensor operated linearly from 0.5 to
80 μmol L−1 and achieved a LOD of 0.01 μmol L−1 in spiked wastewater and river water samples.
It is important to emphasize the pertinence of this sensor for environmental analysis as its disposable
and low-cost characteristics make it suitable for in-situ analysis. Two other acetaminophen sensors
were developed, however, with lower performance [110,111]. In the first case, a carbon paste electrode
of MWCNT and mineral oil was used for the simultaneous detection of acetaminophen and three
other phenolic compounds (hydroquinone, catechol, and 4-nitrophenol) by DPV in the presence of a
cationic surfactant in order to promote electron transfer by lowering the detection overpotential and
increasing the peak currents. The sensor was then successfully tested in spiked tap water and domestic
wastewater samples achieving good recoveries [110]. The other sensor was based on a more effortful
strategy by modifying a GCE with tetraaminophenyl porphyrin (TAPP) functionalized MWCNT and
AuNPs for the simultaneous detection of acetaminophen and p-aminophenol. Although obtaining a
wide linear range, the sensitivity achieved was inferior compared with the two previous described
acetaminophen sensors. River water samples were directly analyzed for the drug content by DPV with
no traces being found however no traces of the drug were found [111]. Noteworthy and unusually,
a boron-doped diamond (BDD) electrode was also modified simply by depositing Nafion®-dispersed
MWCNT and employed as transducer. This sensor was applied for the detection of the antibiotic
drug, ciprofloxacin, obtaining a high sensitivity with a corresponded LOD of 0.005 μmol L−1 through
DPV. Wastewater samples were first evaluated for ciprofloxacin content (<LOD) and further used for
validation of the sensor [112]. In turn, the sensor developed by Garrido et al. [113] for ciprofloxacin
consisted in the modification of a GCE, first with electropolymerized aniline (PANI) and then with a
mixture of MWCNT and β-cyclodextrin. This combines faster electron transfer of MWCNT with the
chemical recognition of guest molecules offered by cyclodextrins [114]. The sensor attained a good
LOD value of 0.05 μmol L−1, though being 10 times higher than the previously described sensor [112].
This can be probably explained, in part, using CV for screening of the drug, which usually shows
lower sensitivity when compared with square-wave voltammetry (SWV) and DPV. Also in this study,
wastewater was used as real sample to further validate the sensor [113].
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Interestingly, from the 26 studies presented in Table 2, only two resorted to SWCNT for (bio)sensor
enhancement [125,126]. Since both MWCNT and SWCNT have similar electrocatalytic properties,
the later nanostructure is lesser used probably due to lower synthesis yield and higher production
costs [132]. In this respect, Canevari et al. [126] used an enzymatic biosensor for 17α-ethynilestradiol
determination. To promote direct electron transfer between the transducer surface (GCE) and the
copper atoms of laccase active site, a hybrid nanocomposite of SWCNT and carbon dots (Cdot) was used
taking advantage of the π-interactions between these two materials. The GCE/SWCNT-Cdot/laccase
exhibited a DPV peak at +0.1 V achieving an acceptable LOD of 0.004 μmol L−1. The stability of
the film containing the biological entity can be a critical parameter in biosensors. Particularly in
this case, the reproducibility achieved was about 3% for five different electrodes and moreover,
it was stable for 1 month in storage without signal loss. The biosensor was ultimately validated in
spiked tap water with recoveries of about 100%. Whereas, the SWCNT-based biosensor developed
by Yang et al. [125] relied in a competitive immunoassay intended for environmental screening of
the antibiotic drug sulfamethazine. In order to amplify the electrochemical signal, a first layer of
SWCNT (in the form of nanohorns) dispersed in chitosan (Chit) was deposited on a GCE surface
followed by a layer of cetyltrimethylammonium bromide-capped gold nanoparticles (CTAB-AuNPs).
Antigen, the drug, and the antibody were then sequentially deposited, and the surface was finally
modified with silver nanoparticle functionalized with dendritic fibrous nanosilica (AgNPs-DFNS).
With the increase of the drug concentration, less AgNPs were available in the biosensor surface leading
therefore to a proportional decrease in the H2O2 catalytic response. The immunosensor achieved a
low value of LOD corresponding to 2.4 × 10−4 μmol L−1 and it was finally validated in spiked river,
lake, and pond waters achieving satisfactory recoveries (79–118%), though the intra-assay variation
was up to 10% for this biosensor [125]. Other CNT-based sensors were developed for different
sulfonamide drugs [123,124]. For instance, six drugs belonging to this group of antibiotics—namely
sulfanilamide, sulfadiazine, sulfaguanidine, sulfathiazole, sulfamerazine, and sulfisoxazole—were
studied individually by a GCE/MWCNT-Nafion® sensor [123]. Amperometric detection of all drugs in
river and tap water samples was conducted in a flow system and revealed an overall good sensitivity,
with LOD ranging from 0.037 μmol L−1 (sulfisoxazole) to 0.160 μmol L−1 (sulfadiazine) [123]. In the
other proposal, the drugs sulfamethoxazole and trimethoprim (which are often associated in the same
pharmaceutical prescription) were simultaneously detected in natural water collected from a dam.
A carbon paste sensor was made, taking advantage of the synergistic effect of both MWCNT and
antimony nanoparticles (SbNPs), mixed with paraffin. Using DPV, the obtained LODs for both drugs
were in the same order of magnitude compared with the previous described sensor [124]. Although not
as competitive as biosensors in terms of analytical performance, these last presented sensors from
Bueno et al. [123] and Cesarino et al. [124] offers simplicity and rapidness in sensor assembly with
fairly good sensitivity, representing favorable features.

Regarding the type of the environmental samples analyzed, the majority of the (bio)sensors were
applied in water samples collected in rivers, lakes, wastewaters, and ponds. Nevertheless, two studies
have opted to analyze antibiotics in fish tissues since this class of pharmaceuticals is widely used in
aquaculture as veterinary drugs and therefore is susceptible to be found in these type of samples.
Naggles et al. [121] were able to detect the oxytetracycline antibiotic in trout fish. The sensor consisted
in different layers of conductive materials, namely, MWCNT dispersed in Chit, ionic liquid (IL),
and electrodeposited AuNPs (GCE/MWCNT-Chit/IL/AuNPs). Amperometric detection was revealed
to be more efficient compared with the adsorptive stripping SWV technique by achieving a lower LOD
(0.02 μmol L−1) and therefore it was used in the real fish trout samples [121]. The detection of positive
samples proved the applicability of this sensor and the possibility of contamination occurrence in
fish farms. Likewise, metronidazole was investigated in carp fish with a selective sensor that was
obtained by coupling the increased surface area and electrical properties offered by MWCNT, and the
recognition ability of MIP technology based on electropolymerized dopamine [122].
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The conjugation of MWCNT with other carbon nanomaterials, namely graphene, was considered
in two different studies for detection of the same drug, the widely used anti-inflammatory
diclofenac [116,117]. In one of the proposals [116], a electrochemiluminescent (ECL) immunosensor was
fabricated by first modifying a GCE with a synthesized MWCNT-AuNPs nanocomposite. After coating
with antigen, a second composite of graphene oxide and graphitized carbon nitride (GO-g-C3N4)
with attached diclofenac antibodies was deposited alongside different concentrations of diclofenac.
In this competitive immunoassay, diclofenac present in a solution compete with the coated antigen for
the limited sites of antibodies therefore changing the generated ECL signal. Thus, in the absence of
diclofenac the signal is higher (Figure 3). The authors attributed the high performance of this biosensor
to the effective immobilization of a large amount of coating antigen onto the MWCNTs-AuNPs and
due to the ECL intensity enhancement promoted by GO-g-C3N4. Three different waters—namely,
tap, lake and wastewater—were analyzed for diclofenac content. However, only in wastewater
samples was diclofenac detected above LOD with a mean concentration of 0.0033 μmol L−1 [116].
According to the literature, 3D network of nanocomposite based on MWCNTs-GO combined the high
charge density of GO with a high surface area of MWCNT providing a highest edge density per unit
area, promoted the enhancement of electron transfer process. Furthermore, metallic nanoparticles can
be used combined com carbon nanocomposites to further improve the electroanalytical properties.
In this context, the other carbon nanocomposite proposal consisted in a gold electrode modified with
a MWCNT/GO nanocomposite film and AuNPs electrochemically deposited [117]. At optimized
conditions, the diclofenac calibration curve, obtained by DPV measurements, revealed a wide linear
range and reached a LOD of 0.09 μmol L−1 [117], which is a comparably higher value than the previous
carbon composite immunosensor [116]. Tap water was analyzed as real sample with no traces of
diclofenac being found [117].

 
Figure 3. Procedure assembly scheme of a electrochemiluminescent immunosensor for diclofenac
detection consisting on a GCE/MWCNTs-AuNPs/coating antigen/BSA/GO-g-C3N4 labeled DCF
antibody (reproduced from [116], with permission from Elsevier, 2017).
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It seems evident that the most sensitive (bio)sensors are based in highly specific recognition elements
such as MIP [122,128] or biological entities involving aptamers [118] and antibodies [104,116,125]. In this
way, the lowest LOD (6.2 × 10−9 μmol L−1) corresponded to a MIP sensor developed for 17β-estradiol
detection in environmental waters. In fact, a 17β-estradiol concentration of 4 × 10−8 μmol L−1 was
determined in unspiked pond water without pre-concentration or pre-treatment of the sample, revealing
environmental contamination at trace level. The MIP sensor was assembled by first modifying a GCE with
an aluminum-based metal–organic framework (MOF) containing in the dispersion media CNT to improve
MOFs electronic properties. Further modification was performed by electrodeposition of a Prussian blue
film and polypyrrole (PPy) as the imprinting polymer [128]. Specially in biosensors and MIP design,
the importance of CNT structures is evident in the ability to increase load capacity, biocompatibility,
and chemical stability, which seem more relevant features than electrochemical signal enhancement.

Overall, (bio)sensor construction relies on other materials in addition to CNT to enhance further
the analytical performance. Metal and metal oxides nanomaterials are often conjugated with CNT as
nanocomposites, being AuNPs the most relevant example. Also polymeric media such as Chit and
Nafion® have been used as effective dispersing agents, acting as well as entrapment matrices or barrier
to interferents [133,134]. ILs are another component that have been advantageously used with CNT,
widening the potential window and conferring higher conductivity [100]. Relatively to the origin of
carbon nanotubes used in (bio)sensors fabrication and contrary to what was assessed for graphene,
these were mainly commercially acquired from chemical companies rather than being produced by
the authors themselves probably due to their relatively low cost and high quality. There are different
methods for carbon nanotube synthesis, however chemical vapor deposition (CVD) is established as the
most efficient enabling higher yields and scalability. Simply, it consists in the decomposition of gaseous
hydrocarbons at elevated temperatures to form solid deposit into metallic catalysts. The nanotube
diameter can be controlled which permits their availability in different sizes and therefore with different
properties [94].

2.3. Carbon Black

Carbon black (CB) has been recently explored for manufacturing transducers for emergent
pollutant analysis due to some interesting advantages such as low cost, large surface area, good
conductivity, and stability and the ability to form homogeneous films. This carbonaceous material can
be obtained from the combustion of hydrocarbons and is composed of aggregates or agglomerates
of spherical particles where each particle owns a turbostratic structure of random packing graphite
layers [135], therefore having a more bulkier structure when compared with CNT or graphene. A total
of eight sensors were developed for determination of nine different pharmaceuticals belonging to the
classes of antibiotics, anti-inflammatories, antidiabetics, and hormones (Table 3). The class of antibiotics
were also well studied by CB-based sensors. For example, Sun et al. [136] related that montmorillonite
and acetylene black are effective electrocatalysts, thus improving the sensitivity of oxytetracycline
determination (LOD = 0.087 μmol L−1) in shrimp samples. This antibiotic is used in animal husbandry
and may cause the occurrence of residues in food-producing animals. The main reported highlights
were the large specific area and strong adsorptive ability. Delgado et al. [137] also fabricated a sensor
made with CB nanoballs and potato starch deposited onto a GCE to detect tetracycline in tap water
and river water. The authors reached suitable sensitivity which was attributed to the enhanced
conductivity and large area of the film. Guaraldo et al. [138] developed a sensor by modification of
a GCE with Printex L6 CB nanospheres and Cu (II)-phthalocyanine for trimethoprim determination
in river water (Figure 4). According to the authors, the electrocatalytic effect towards trimethoprim
detection was observed due to the synergistic effect between CB-CuPc. Besides, CuPh modification
resulted in strong adsorption to carbon black and trimethoprim due to π–π interactions. The analytical
results obtained were two wide linear range (0.4–1.1 μmol L−1 and 1.5–6.0 μmol L−1) and a LOD of
0.67 μmol L−1, presenting also good reproducibility and great film stability when stored for 30 days.
Deroco et al. [139] applied CB with a dihexadecylphosphate (DHP) in the manufacturing of a sensor

41



Nanomaterials 2020, 10, 1268

for simultaneous detection of the antibiotic amoxicillin and the anti-inflammatory nimesulide in tap
and lake waters. The DHP-CB film resulted in the enhanced promotion of the electron transfer when
compared with the unmodified GCE according with the values of apparent heterogeneous electron
transfer rate constant. The detection limits for amoxicillin and nimesulide were 0.12 μmol L−1 and
0.016 μmol L−1, respectively.

μ μ

Figure 4. A trimethoprim antibiotic sensor composed of Printex L6 carbon black (CB) and copper (II)
phthalocyanine films (reproduced from [138], with permission from Elsevier, 2018).

In another study also proposed by the same research team (Deroco et al. [140]), the authors evaluated
the effect of three different CB types (Vulcan XC72R, Black Pearls 4750, and CB N220) on the electrochemical
behavior of levofloxacin (antibiotic) and acetaminophen (analgesic). The attained analytical signal on
the SPE/CB(BP) was slightly higher due to the large number of defects and the oxygen atoms in CB(BP),
which provides a larger number of active sites on the surface. SWV was used for simultaneous determination
of levofloxacin and acetaminophen in river water samples, showing satisfactory results in terms of
performance for both drugs. Concerning the analysis of these two compounds in river water, Wong et al. [141]
modified a GCE with CB, AgNPs and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)
in order to attain a large surface area, high conductivity, and catalytic activity (Figure 5). The obtained
analytical parameters with GCE/AgNPs-CB-PEDOT:PSS were much more satisfactory compared to those
reported by Deroco et al. [140].
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Figure 5. Assembly scheme of a GCE/AgNPs-CB-PEDOT:PSS sensor used for simultaneous determination
of acetaminophen and levofloxacin (reproduced from [141], with permission from Elsevier, 2017).

Antidiabetic drugs have been also considered as emerging contaminants, being mainly found in
wastewaters. Machini et al. [142] utilized CB-dihexadecylphosphate to modify a GCE for metformin
determination (LOD = 0.63 μmol L−1) in wastewater samples. The authors used the metformin-Cu(II)
complex due to the catalytic action of Cu(II) ions towards the oxidation of metformin and the increase
of current signal and the improvement of electron transfer kinetics.

Non-steroidal estrogens have been applied in livestock production, as a result diethylstilbestrol
has been detected in natural water samples. A simple electrochemical device based on CB paste
electrode was used for diethylstilbestrol determination in fishery water samples [143]. The method
showed a LOD of 0.008 μmol L−1, revealing the lowest LOD obtained when compared with other
sensors presented in Table 3, with moderate recoveries of 84–94% for the spiked fishery waters.

As observable in Table 3, sensors conjugating biorecognition elements with CB have not been
developed so far probably owing to the more bulky graphitic structure of CB, possibly offering a lower
surface area which translates in a lower loading capacity and analytical performance when compared
to CNT and graphene.
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2.4. Other Carbon-Based Nanomaterials

Other carbon nanomaterials—such as mesoporous carbon [144,145], carbon nanopowder [146],
biochar [147] and graphite oxide [148], fullerene and carbon nanofibers [149]—have also been utilized in
the design of (bio)sensors for emerging contaminants in waters (Table 4), however with less expression.
As well, antibiotics were the pharmaceutical class with more developed carbon nanostructured sensors.
In this context, an amoxicillin sensor was proposed by Pollap et al. [144] based on the modification
of a graphite electrode with a mixture of CMK-3-type ordered mesoporous carbon (OMC), Nafion®,
TiO2 sol, and AuNPs. OMC is a highly porous carbon material with pores standing between 2 and
50 nm in diameter, accordingly to IUPAC [150]. The high surface of CMK-3 promoted the easy
immobilization of AuNPs having both a positive impact on the electron transfer process with the
sensor reaching a LOD of 0.3 μmol L−1 through CV technique. This sensor was finally validated in
bottled mineral waters and river water, with the samples being spiked after no detection of residues of
the drug in the samples. Lahcen et al. [146] performed a broader study in respect to the comparison of
several carbon nanomaterials (CB, acetylene black, carbon nanopowder, graphite, MWCNT, and glassy
carbon powder) in the formulation of paste electrodes (CPE) for detection of various sulfonamides
antibiotic drugs (sulfamethoxazole, sulfadiazine, sulfacetamide, sulfadimethoxine, sulfathiazole,
sulfamethiazole, and sulfamerazine). The best analytical results in controlled conditions for detection
of sulfamethoxazole, as model analyte, were achieved by a CPE formulated with carbon nanopowder,
showing the highest sensitivity (0.045 μA μmol−1 L) and the lowest LOD (0.12 μmol L−1). The sensor
was then successful validated in drinking water obtained from a local market. A method employing
graphite oxide (GrO) as main nanostructured component was developed for simultaneous detection
of ofloxacin antibiotic and three other pharmaceutical drugs from different classes, namely levodopa
(anti-Parkinson), piroxicam (anti-inflammatory) and methocarbamol (analgesic). Four distinctive
peaks in the range of +0.4 V and +1.3 V (vs Ag/AgCl) were clearly obtained for the drugs by SWV
using a carbon paste sensor (CPE) made by mixing GrO, β-cyclodextrin, and mineral oil. The obtained
LODs ranged from 0.065 μmol L−1 (levodopa) to 0.398 μmol L−1 (methocarbamol). The method was
finally validated in spiked river water with recoveries percentage very close to 100% [148].

Bojdi et al. [145] also resorted to a mesoporous carbon material for sensor construction.
Specifically, a CPE based on the mixture of mercapto-mesoporous carbon with graphite powder and Nujol
oil was used for analysis of the gastric acid inhibitor drug, omeprazole, in spiked and unspiked (<LOD)
tap water samples. Calibrations curves obtained directly in the real sample by DPV revealed a linear
range between 0.00025 and 25 μmol L−1 and a LOD of 4 × 10−5 μmol L−1. The principal advantage of
mesoporous carbon is the high surface areas of modified-CPE compared to unmodified-CPE.

Dong et al. [147] prepared a sensor based on GCE modified electrode with biochar nanoparticles
(biocharNPs) with high conductivity for detection of 17β-estradiol in ground water samples.
The biocharNPs were obtained by slowly pyrolyzing sugarcane bagasse under nitrogen and posterior
collection of the small sized particles through centrifugation. The selected nanomaterial provided
ample surface area for highly efficient adsorption and enrichment of target 17β-estradiol and fast
electron transfer. The figures of merit acquired by DPV technique consisted in a linear concentration
range from 0.05 to 20 μmol L−1, LOD of 0.011 μmol L−1, and recoveries between 103% and 107%.
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In the proposal of Serrano et al. [151], a commercial screen-printed carbon electrode modified with
carbon nanofibers (SPCNFE) was selected for analysis of both anti-inflammatory drugs, acetaminophen
and ibuprofen, in water samples as this electrode analytically outperformed other screen-printed
electrodes (unmodified and modified with MWCNT and graphene). Both drugs (as well as caffeine) were
simultaneously detected by DPV exhibiting widely separated peaks (about +0.4 V for acetaminophen
and +1 V for ibuprofen). In acetate buffer at pH 5.5, the LOD corresponded to about 0.2 μmol L−1 for
acetaminophen and about 2.9 μmol L−1 for ibuprofen. Tap water samples were then used to properly
validate the method whereas a wastewater sample was taken from a hospital effluent and directly
analysed for drugs content but only acetaminophen was found at a concentration of 7.7 μmol L−1.

Motoc et al. [149] applied a CPE composed of fullerene C60 and carbon nanofibers (CNF), acting as a
pseudomicroelectrode array, to study diclofenac detection by different voltammetric and amperometric
analytical techniques. The most sensitive techniques for the drug revealed to be SWV and multiple
pulsed amperometry (MPA). The sensor was therefore further characterized by SWV directly in tap water
obtaining a linear range between 3.4 and 16.9 μmol L−1 and a sensitivity of 0.38 μA μmol−1 L.

3. Overall Comparison between Reported Nanostructured Carbon-Based (Bio)Sensors

The assessment and overall comparison of the electroanalytical performance between the
reported (bio)sensors is usually a difficult and challenging process given that several parameters
have influence and must be taken into account, such as: transducer and type of pre-treatment given,
assay conditions (pH, ionic strength, etc.), detection technique and its parameters (e.g., scan rate).
However, principally, the modification strategy and the adopted conjugation of materials have the
major impact. Concerning this review, the comparison between different types of carbon nanomaterial
should be carefully done for the same drug and with equivalent modification strategies in order to
prevent an inappropriate evaluation. In this context, diethylstilbestrol hormone was analyzed by
graphene-, MWCNT-, and CB-based sensors. Although LOD values were similar between the graphene
[GCE/exfoliated graphene [88] and SPE/GQD [89]) and CB (CPE(CB) [143]] sensors, the MWCNT sensor
(GCE/AuNPs/MWCNT-CoPc [127]) exhibited a 20-times higher value. Conversely, for tetracycline,
the CB sensor (GCE/CB-PS [137]) outperformed compared with graphene (GCE/graphene/L-cysteine [74])
and MWCNT (GCE/MWCNT-Nafion® [120]), which obtained exactly the same LOD value
(0.12 μmol L−1) whereas for trimethoprim the CB sensor (GCE/CB-CuPh [138]) presented also higher
value of LOD (about 20-times higher) compared with the MWCNT (CPE(MWCNT-SbNPs) [124]).
In turn, LOD of sensors for acetaminophen based on graphene (GCE/graphene-PDDA [82]), MWCNT
[CPE(MWCNT) [110] and GCE/MWCNT-CONH-TAPP/AuNPs [111]) and CNF (SPCNFE [151]) are in
line with each other, except for Au/MWCNT-CuNPs [109] that achieved an approximately 10-fold lower
value, while in both CB sensors (GCE/AgNPs-CB/PEDOT:PSS [141] and SPE/CB(BP) [140]) values vary
widely by 2 orders of magnitude. By analyzing the data, we can conclude therefore that there is not a clear
tendency for the impact of the type of carbon nanomaterial in the reached sensitivity. Still, in general,
the most sensitive methods comprised biological entities for highly specific biorecognition. For instance,
biosensors with immobilized antibodies (immunosensor) or DNA/RNA fragments (aptasensor) achieved
considerably lower values of LOD, reaching concentrations between 10−5 to 10−8 μmol L−1, either using
graphene [86,90], or CNTs [116,118] as signal enhancer and substrate for biomolecules attachment.
It is worth noting that only one work [126] resorted to enzymatic biorecognition of pharmaceuticals,
which shows a clear gap since many pharmaceutical drugs have phenolic derivatives that can act as
substrates of enzymes such as laccase, tyrosinase, or hydrogen peroxidase [152]. Still, the application
of biosensors (versus sensors) is very limited, which can be mostly attributed to the higher cost and
cumbersome fabrication methods. As a matter of fact, the use of biological entities to accomplish high
sensing performance can be dispensed as there are alternatives attaining similar results. One example
is the application of molecularly imprinted polymers. Though also fastidious, graphene- [84] and
MWCNT- [122,128] based sensors that employed this technology achieved good sensitivities on the
level of sub-nanomolar concentrations.
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In terms of instrumentation, a common denominator between the different types of carbon
nanostructured (bio)sensors presented herein is the widely use of GCE as transducer and substrate for
modification. Despite its robustness and reliability, this conventional electrode is more suitable for
laboratorial work rather for in-situ environmental applications due to its bulkier dimensions. In this
sense, screen-printed electrodes [72,73,89,90,140,151] and the film type electrodes of gold [109] and
FTO [83] present high area-to-volume ratio enabling miniaturization and portability and, therefore,
are more convenient for in loco analysis. In this miniaturization process, carbon nanomaterials can
be extremely useful and exceptionally reliable through the production, for example, of buckypaper
type electrodes. These are thin, lightweight, and flexible carbon mat fabricated by filtration of well
dispersed carbon nanomaterial [153–155] that can be applied advantageously in portable lab-on-a-chip
platforms and miniaturized devices [156,157] ideal for costless and in-situ environmental analysis.

Sustainability from the point of view of materials and methods used can be seen as an important
and competitive characteristic of electrochemical (bio)sensors compared to the more conventional
analytical methods (such as chromatographic and spectroscopic techniques). For instance, in the
preparation of (bio)sensors, the quantities employed in the transducer modification are usually
a few microliters and with concentrations in the order of 1 or 2 mg mL−1. Though frequently
employing organic solvents such as dimethylformamide for dispersion of carbon nanostructures and
other materials, the used volumes are insignificant when compared with the processing volumes of
chromatographic techniques and therefore (bio)sensor technology can be seen as more eco-friendly.
Specifically considering carbon nanostructures, possible toxic effects may be caused to the environment
or humans equally as other types of nanomaterials, however there is substantial evidence of microbial
and enzymatic biodegradability of carbon nanotubes and graphene [158] which is an advantage over
metallic nanoparticles and polymers also widely applied in (bio)sensor fabrication.

4. Conclusions and Future Trends

In this review, the crucial role that carbon nanomaterials have been playing in the design of
(bio)sensors for screening of emerging pharmaceutical pollutants, in waters and aquatic species,
was addressed.

A total of 62 studies concerning the use of carbon nanomaterials-based electrochemical (bio)sensors
were contemplated in this review, being specifically categorized as follows: 21 graphene-based,
26 CNT-based, 8 CB-based, and 7 other carbon nanomaterials-based (bio)sensors. In a different
perspective, 34 pharmaceutical drugs belonging to 9 different classes were analyzed by these (bio)sensors
in waters and aquatic species. As expected, antibiotics, anti-inflammatories, and hormones were the
classes more studied due to their high consumption and almost ubiquitous presence in the environment.
It is important to highlight that the vast majority of these studies (representing about 80% of the 62)
were conducted very recently (since 2015), which attests clearly the rising interest from the scientific
community on this subject and on the research opportunities that are emerging. Concerning the type
of samples analyzed, only a few (bio)sensors were applied for pharmaceuticals detection in animal
species. This seems relevant from a public health point of view since risk assessment is preferably
accomplished in aquatic animals rather than environmental waters. Furthermore, there is also a
concern from the fishery and aquaculture sector as well as from the general public regarding food
safety and public health since certain pharmaceutical drugs, such as hormones and anti-inflammatories,
cause deleterious effects (endocrine disruption) and may bioaccumulate in animal tissues. More studies
are needed in this respect and electrochemical (bio)sensors can contribute to risk assessment and thus
constitute a research opportunity soon.

During the last decade, significant advances based on the synergy between carbon-based
nanomaterials, recognition elements, and different transduction schemes have been promoting the
development of (bio)sensors that fulfil the required electroanalytical performance. The exceptional
progress in the nanomaterials field, particularly in controlling the physico-chemical properties during
synthesis, has led to outstanding improvements in the (bio)sensors design. Furthermore, the conjugation
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of various nanomaterials and compounds in (bio)sensor assembly may increase the (bio)sensing
performance; however, it can also lead to an increase in complexity and preparation time as well as in
fabrication cost and, therefore, assembly and modification strategies should be carefully equated.

It is also important to outline clear limitations of electrochemical (bio)sensors that need to be
tackled in the future. As known, simultaneous analysis with this technology is still restricted to a few
number of compounds as they are detected in a limited potential window with limited techniques
regarding signal definition. Specifically for pharmaceutical analysis, discrimination of compound
derivatives from the same drug classes is very challenging. When considering pharmaceuticals analysis
in complex environmental matrices (e.g., wastewaters), this becomes an even more serious issue since
numerous other pollutants can exist that can interfere or be detected at the same potential as target
compounds. This limitation is transversal to all types of electrochemical (bio)sensors, including the
ones based on carbon nanomaterials. Still, carbon nanomaterials can definitely contribute as a part of
the solution by increasing peak definition and hence, discrimination of compounds. The other part of
the solution is related with chemometric analysis. This powerful discriminatory technique is still not
extensively associated with electrochemical methods probably due to some inherent complexity and
therefore yet to be properly explored.

As previously outlined in this review, carbon nanomaterials have already contributed significantly
to miniaturization of electroanalytical devices and will definitely continue to be important in
this miniaturization process to serve the purpose and goal of in-situ environmental analysis.
Undeniably, carbon nanomaterials have proven to be valuable in many different applications
and, for sure, have laid the foundations to play a critical role in the future in (bio)sensing
systems development.
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Abstract: Carbon nanofibers (CNFs) exhibit great potentials in the fields of materials science,
biomedicine, tissue engineering, catalysis, energy, environmental science, and analytical science
due to their unique physical and chemical properties. Usually, CNFs with flat, mesoporous, and
porous surfaces can be synthesized by chemical vapor deposition and electrospinning techniques
with subsequent chemical treatment. Meanwhile, the surfaces of CNFs are easy to modify with
various materials to extend the applications of CNF-based hybrid nanomaterials in multiple fields.
In this review, we focus on the design, synthesis, and sensor applications of CNF-based functional
nanomaterials. The fabrication strategies of CNF-based functional nanomaterials by adding metallic
nanoparticles (NPs), metal oxide NPs, alloy, silica, polymers, and others into CNFs are introduced
and discussed. In addition, the sensor applications of CNF-based nanomaterials for detecting gas,
strain, pressure, small molecule, and biomacromolecules are demonstrated in detail. This work
will be beneficial for the readers to understand the strategies for fabricating various CNF-based
nanomaterials, and explore new applications in energy, catalysis, and environmental science.

Keywords: carbon nanofibers; nanoparticles; electrospinning; hybrid nanomaterials; sensor

1. Introduction

With the development of nanotechnology and material science, many kinds of zero-dimensional
(0D) to three-dimensional (3D) materials have been created for sensor applications [1–5], in which
the one-dimensional (1D) nanomaterials exhibited promising potential [6]. It is well known that
1D architectures could provide shortened pathways for the transfer of electrons and facilitate the
penetration of electrolyte along the longitudinal axis of nanofiber/nanowire [7,8], and therefore causing
improved sensing performance.

Carbon nanotubes (CNTs), as one of the widely used 1D nanomaterials, have been previously
utilized for the fabrication of various high-performance sensors and biosensors due to the unique
mechanical, electrical, and magnetic properties of CNTs [9,10]. In addition, the high surface area
and high adsorption ability towards various molecules/biomolecule of CNTs make CNTs very good
candidates to fabricate chemical and biological sensors with high sensitivity and selectivity.

Besides CNTs, carbon nanofibers (CNFs) have also been widely studied due to their unique
chemical and physical properties and similar structure to fullerenes and CNTs [11,12]. CNTs are
hollow with a graphite layer parallel to the axis of the inner tube. The graphite layers of CNFs often
form an angle with the axis of the inner tube, and the interior thereof may be hollow or solid. The
diameters of CNTs are usually less than 100 nm, while the diameter of CNF is in the range of 10 to
500 nm and the length can reach 10 μm. Meanwhile, CNFs have exclusively basal graphite planes and
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edge planes, exhibiting high potentials for their surface modification or functionalization to create
functional hybrid CNF-based nanomaterials, which have been applied in the fields of biomedicine [13],
tissue engineering [14], nanodevices [11], sensors [15,16], energy [17], and environmental science [18].
Previously, several reviews on the synthesis and applications of CNFs and CNF-based materials have
been released [19–23]. For instance, Zhang et al. demonstrated the potential strategies for creating
CNFs with electrospinning and then summarized their applications in biomedicine, sensor, energy,
and environmental fields [19]. Feng et al. summarized the synthesis, properties, and applications of
CNFs and CNF-based composites, in which the applications of CNF materials in electrical devices,
batteries, and supercapacitors were introduced in detail [20]. Zhang and co-workers provided recent
advances in the electrospun synthesis and electrochemical energy storage application of CNFs [21].

In this review, we focus on the preparation of CNF-based nanomaterials for sensor applications.
In the second part, we introduced the synthesis strategies of CNFs via chemical vapor deposition
and electrospinning techniques, and in the third part we demonstrated the design and synthesis of
CNF-based nanomaterials by the functionalization of pure CNFs with metallic nanoparticles (NPs),
metal oxide NPs, alloy NPs, silica, and polymers. In the fourth part, the sensor applications of
CNF-based nanomaterials towards gas, strain, pressure, small molecules, and biomacromolecules are
introduced and discussed. Finally, the conclusions and outlooks for the synthesis and applications of
CNF-based nanomaterials are given. It is expected that this work will be helpful for the readers to
understand the sensing mechanisms of CNF-based sensors and develop new CNF-based nanomaterials
for the applications besides sensors.

2. Synthesis of Carbon Nanofibers (CNFs)

CNFs have large specific surface area, small number of defects, large aspect ratio, low density,
high specific modulus and strength, high electrical and thermal conductivity, etc., and therefore have
broad application prospects in the fields of storage, electrochemistry, adsorbent, and sensing [11,24–27].
At present, methods for preparing CNFs mainly include thermal chemical vapor deposition, plasma
enhanced chemical vapor deposition, and electrospinning [28], as shown in Figure 1.

 

Figure 1. Typical method for synthesizing Carbon nanofibers (CNFs).

2.1. Thermal Chemical Vapor Deposition

The chemical vapor deposition method is a method for synthesizing CNFs by thermally
decomposing a low-cost hydrocarbon compound on a metal catalyst at a constant temperature
(500–1000 ◦C) [20,29]. The thermal chemical vapor deposition method can be classified into the
following three types according to the manner of the catalyst added or present: The substrate method,
the spray method, and the gas phase flow catalytic method.
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2.1.1. The Substrate Method

The substrate method utilizes ceramic or SiO2 fibers as substrate to uniformly disperse nanosized
catalyst particles (such as Fe, Co, Ni, and other transition metals) on its surface. The hydrocarbon gas
is pyrolyzed on the surface of the catalyst, and carbon is deposited and grown to obtain nanoscale
carbon fibers. Enrique et al. fabricated high purity CNFs on the ceramic substrate by using CH4/H2 (or
C2H6/H2) as the carbon source and Ni as the catalyst at 873 K, and explored the influence of conditions
(different carbon sources, temperatures, etc.,) on the layer thickness, uniformity, and porosity of
CNFs [30].

The substrate method can prepare CNFs of relatively high purity, but the CNFs can only grow on
the substrate dispersed with catalyst particles. Since nanoscale catalyst preparation is difficult and
the product and catalyst cannot be separated in time, it is difficult to achieve large-scale continuous
production of CNFs.

2.1.2. The Spray Method

The spraying method is to mix the catalyst in a liquid organic substance such as benzene, and
then spray the mixed solution containing the catalyst into a high temperature reaction chamber to
prepare CNFs. The continuous injection of the catalyst can be realized by growing the carbon fiber by
the spray method, which provides favorable conditions for industrial continuous production [31,32].
However, the uneven distribution of the catalyst particles during the spraying process and the ratio of
the hydrocarbon gas to the hydrocarbon gas are difficult to control, resulting in a small proportion of
the CNFs produced by this method, and a certain amount of carbon black is formed.

2.1.3. The Gas Phase Flow Catalytic Method

The gas phase flow catalysis method directly heats the catalyst precursor, and introduces it into
the reaction chamber together with the hydrocarbon gas in the form of gas. The catalyst and the
hydrocarbon gas are decomposed of different temperature zones, and the decomposed catalyst atoms
are gradually aggregated into the nanoscale particles and then the CNFs produced on the nanoscale
catalyst particles [33,34]. Since the catalyst particles decomposed from the organic compound can be
distributed in a three-dimensional space, and the amount of volatilization of the catalyst can be directly
controlled, the yield per unit time of this method is large and continuous production is possible.

2.2. Plasma-Enhanced Chemical Vapor Deposition (PECVD)

The plasma contains a large amount of high-energy electrons that can provide the activation
energy required for the chemical vapor deposition process. The collision of electrons with gas phase
molecules can promote the decomposition, compounding, excitation, and ionization processes of
gas molecules, and generate various chemical groups with high activity [35–37]. While the plasma
enhanced chemical vapor deposition method can produce aligned CNFs, the cost of this method is
high, the production efficiency is low, and the process is difficult to control.

2.3. Electrospinning

Electrospinning technology first appeared in the 1930s. It has renewed interest in recent years and
was used to prepare CNFs. It is also the only method to produce continuous CNFs [19,30,38–42]. In the
electrospinning process, first the polymer solution or melt is charged with thousands to tens of volts of
static electricity. The charged polymer forms a Taylor cone at the spinning port under the action of an
electric field. When the electric force exceeds the internal tension of the spinning solution, the Taylor
cone is drafted and accelerated. The moving jet is gradually drafted and thinned. Due to its extremely
fast rate of motion, the fibers ultimately deposited on the collecting plate are nanoscale, forming a
fibrous mat similar to a nonwoven fabric. Then, the fiber mat is pre-oxidized in air and carbonized in a
nitrogen atmosphere to finally obtain CNFs.
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Compared with other nanofiber manufacturing methods, the electrospinning method has the
following advantages: (1) Electrospinning usually uses voltages of several thousand volts or more,
but the current used is small, so that energy consumption is small; and (2) a nanofiber nonwoven
fabric can be directly produced. By electrospinning, the nanofibers can be made into a nonwoven
fabric in a two-dimensional expanded form, so that no further processing is required after spinning.
In particular, the development of multi-nozzle spinning technology has increased the production of
nanofiber nonwovens and improved production efficiency; (3) it can be spun at room temperature.
The electrospinning method allows spinning at room temperature, so that a solution containing a
compound having poor thermal stability can also be spun; (4) a wide range of raw materials. Thus far,
there have been reports on the use of synthetic polymers such as polyester and polyamide, and natural
high molecular substances such as collagen, silk, and DNA as raw materials to prepare nanofibers
by electrospinning.

3. Design and Synthesis of CNF-Based Nanomaterials

In recent years, with the rapid development of nanofabrication technology, more and more
carbon-based nanomaterials have been used as sensors for detecting different target molecules [43–45].
Depending on the type of material being loaded, we can classify the carbon-based nanofibers used as
sensors into five types: Pure CNFs, CNFs loaded with metal NPs, CNFs loaded with metal oxides,
CNFs loaded with metal alloys, and others.

3.1. Pure CNFs

Due to their high specific surface area and good electrocatalytic ability towards the oxidation of
specific organic matter, pure CNFs are commonly used to detect small molecules, viruses, proteins, and
nucleic acids in food quality control and clinical analysis. For example, Yue et al. reported mesoporous
CNF-modified pyrolytic graphite electrode for the simultaneous determination of uric acid, ascorbic
acid, and dopamine [46]. Koehn et al. prepared a vertically aligned CNF electrode array by the PECVD
method, and then integrated the CNF array with the wireless instantaneous neurotransmitter sensor
system to detect dopamine by fast scan cyclic voltammetry [47]. Rand and coworkers developed a
biosensor based on vertically aligned CNFs for the simultaneous detection of serotonin and dopamine
in the presence of excess ascorbic acid [48]. Periyakaruppan et al. reported similar CNFs based
nanoelectrode arrays for label-free detecting cardiac troponin-I in the early diagnosis of myocardial
infarction (Figure 2a,b) [49].

 

Figure 2. (a) SEM image of vertically aligned CNF array, (b) TEM image of a stacked cone morphology
of CNFs, (c) SEM image of pure CNFs, and (d) TEM image of a single CNF. Pictures (a) and (b) were
reprinted with permission from Reference [49]. Copyright American Chemical Society, 2013. Pictures
(c) and (d) were reprinted with permission from Ref. [50]. Copyright Elsevier, 2011.

Tang et al. directly modified electrospun CNFs onto carbon paste electrode (CPE) for the
electrochemical detection of xanthine, L-Tryptophan, L-tyrosine, and L-cysteine without any enzyme
or medium, respectively (Figure 2c,d) [50,51]. The CNFs-modified CPE showed high electrocatalytic
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activity and fast amperometric response towards the oxidation of the xanthine and three amino acids.
Guo and coworkers reported similar electrospun CNFs-modified CPE for simultaneous determination
of catechol and hydroquinone in lake water samples [52].

3.2. CNFs Modified with Metal NPs

Since the conductivity of the metal NPs and their high electrochemical activity toward the target
substance can effectively reduce the overpotential, and they can be embedded in the defect sites
of the CNFs to improve the sensitivity and anti-interference ability of the sensor [53–56]. Huang
et al. prepared a Pd NPs-decorated CNFs sensor for detecting H2O2 and nicotinamide adenine
dinucleotide (NADH) [57] (Figure 3a,d). This Pd NPs-loaded CNFs modified electrode can also be
used for simultaneously detecting dopamine, uric acid, and ascorbic acid [58]. On the other hand, Liu
and coworkers modified Pd NP-loaded CNFs onto the carbon paste electrode for efficient detection of
oxalic acid [59]. Claramunt et al. prepared an efficient gas sensor by modifing Au NPs onto CNFs [60].
Hu et al. developed a Rh NP-decorated CNFs sensor for the detection of hydrazine [61] (Figure 3c,f).
Fu et al. modified Cu NP-loaded CNFs composite onto the glassy carbon electrode for the detection of
catechol [62]. Liu et al. and Rathod et al. modified Ni and Pt NPs onto CNFs, respectively (Figure 3b,e).
Additionally, the as-prepared composites can be used for non-enzymatic glucose sensing [63,64]. In
addition, the loaded metal NPs can form a more sparse conductive network inside the nanocomposite,
which can enhance the electrical conductivity of the CNFs, making the composite highly sensitive
to stress. Hu et al. synthesized a composite material for a piezoresistive strain sensor consisting
of Ag NPs-coated CNFs with an epoxy resin, which shows an extremely high sensitivity to stress
changes [65].

 

Figure 3. SEM images of (a) Pd NPs-decorated CNFs, (b) Ni NPs-decorated CNFs and (c) Rh
NPs-decorated CNFs. TEM images of (d) Pd NPs-decorated CNFs, (e) Ni NPs-decorated CNFs, and
(f) Rh NPs-decorated CNFs. Pictures (a) and (d) were reprinted with permission from Reference [58].
Copyright Elsevier, 2008. Pictures (b) and (e) were reprinted with permission from Reference [63].
Copyright Elsevier, 2009. Pictures (c) and (f) were reprinted with permission from Reference [61].
Copyright Elsevier, 2010.

3.3. CNFs Modified with Metal Oxides

Since some acid gases and organic gases can cause changes in the electrical resistance of metal
oxide-decorated CNFs, metal oxide-decorated CNFs can be used for the detection of specific acid gas
and organic gas. Lee and coworkers fabricated ZnO/SnO2 nanonodules-decorated CNFs for dimethyl
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methylphosphonate gas detection by single nozzle co-electrospinning using two phase-separated
polymer solutions [66]. Later, this group modified WO3 nanonodule to the surface of CNFs for
the detection of NO2 gas using the same method, and found that the sensitivity of the WO3

nanonodule-decorated CNFs increased the amount of the decorated WO3 on the CNFs surface [67].
Hu and co-workers demonstrated the electrospun preparation of mesoporous MnO2 and Mn3O4

NPs-decorated CNFs, and found that the fabricated hybrid CNFs have a diameter of 200–300 nm with
high surface area [68]. In another case, Xia and co-workers reported the general synthesis of ultrafine
transition metal oxide (Zn, Mn, and Co) NPs-embedded porous CNFs via a facile electrospinning
strategy, following through the calcination process [69]. As shown in Figure 4, there are abundant
interconnected pores distributed in the ZnO/CNFs, MnO/CNFs, and CoO/CNFs, and the Zn, Mn, and
Co elements are homogeneously distributed inside the porous CNFs, respectively.

 
Figure 4. TEM and the corresponding elemental mapping images of (a,d) ZnO/CNFs, (b,e) MnO/CNFs,
and (c,f) CoO/CNFs. Reprinted with permission from Reference [69]. Copyright Wiley-VCH, 2016.

3.4. CNFs Modified with Alloys

Compared with single-metal NPs, metals alloy exhibit superior electrocatalysis due to their binary
structure interface synergy, which makes metals alloy NPs-modified CNF sensors exhibit stronger
anode peak potential and redox current [32]. Huang et al. prepared Ag-Pt alloy NPs by the NaBH4

reduction method and modified them onto electrospun CNFs for the selective detection of dopamine
(Figure 5A) [70]. Guo and coworkers synthesized Pd-Ni alloy NP/CNFs composite by the simple
method involving electrospinning of precursor polyacrylonitrile/Pd(acac)2/Ni(acac)2 and subsequent
thermal process to reduce metals and carbonize polyacrylonitrile (Figure 5B). The as-prepared Pd-Ni
alloy NP/CNFs composite significantly improved electrocatalytic activity for sugar oxidation, and
Pd-Ni alloy NP/CNFs based electrode can be used for sugar detection in flow systems [71]. Li et al.
fabricated a series of MCo (M = Fe, Cu, Mn, and Ni) alloy NPs-decorated CNFs by electrospinning and
thermal treatment process, and found that the CuCo alloy NPs doped-CNFs exhibit the best detection
efficiency for glucose in human serum samples [72].

64



Nanomaterials 2019, 9, 1045

 

Figure 5. SEM, TEM and the elemental mapping images of (A) Ag-Pt alloy NPs-decorated CNFs and
(B) Pd-Ni alloy NPs-decorated CNFs. Pictures (A) were reprinted with permission from Reference [70].
Copyright American Chemical Society, 2014. Pictures (B) were reprinted with permission from
Reference [71]. Copyright American Chemical Society, 2014.

3.5. CNFs Modified with Silica and Polymers

In addition, some other materials such as silica, polyurethanes, polydimethylsiloxane, nafion, etc.,
are also used to modify CNFs for sensing [73]. For example, Vamvakaki et al. used biomimetically
synthesized silica modified CNFs for the detection of acetylcholinesterase, and the fabricated silica/CNF
composite shows an operational lifetime of more than 3.5 months under continuous polarization
(Figure 6) [74]. Lu and coworkers modified hemoglobin to CNFs with the help of Nafion membrane,
and the prepared CNFs-based composite can mediator-free detect H2O2 [75]. Zhu et al. prepared
an elastomer/CNF strain sensing composite for detecting tensile forces [76]. Baeza and coworkers
embed CNFs in cement for strain and damage detection [77]. Azhari et al. embed CNFs and carbon
nanotubes in cement for piezoresisitive sensing [78]. Tallman et al. embed CNFs in polyurethane
for tactile imaging and distributed strain sensing, and found that the piezoresistive response of
CNFs/polyurethane nanocomposites depends strongly on the nanofiller volume fraction [79]. The
sensitivity of the CNFs/polyurethane nanocomposites increased with decreasing CNFs volume fraction.

 

Figure 6. SEM images of (a) CNFs and (b) silica/CNFs composite. Reprinted with permission from
Reference [74]. Copyright American Chemical Society, 2008.

4. Sensor Applications of CNF-Based Nanomaterials

The higher surface area of CNFs can adsorb relatively more target molecules. In addition,
CNFs also have good electron transfer ability. These characteristics make CNFs-based nanomaterials
have broad prospects in chemical sensing [80–83]. According to the type and nature of the target
substances, we mainly introduce the application of CNFs-based nanomaterials as sensors in the
following four aspects.
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4.1. Gas Sensors

Li and coworkers prepared one-dimensional CNFs composed of graphitic nanorolls using a simple
electrospinning-assisted solid-phase graphitization method, the as-prepared graphitic CNFs exhibit
sensitivity to H2, CO, CH4, and ethanol gases at room temperature, and the detection limit for CO
gas is as low as 50 ppm [84]. Zhang et al. reported a H2S sensor based on ZnO-CNFs composites, the
as-prepared H2S sensor showed a linear response in the range of 50–102 ppm of H2S [85]. Claramunt
et al. deposited metal alloy NPs-decorated CNFs on Kapton for the detection of NH3 [60]. The results
show that the sensitivity of Au and Pd NPs-decorated CNFs to NH3 can be improved by controlling
the percentage of Au and Pd. Moreover, the response time of the sensor is up to 5 minutes within
110–120 ◦C. However, when compared with the spectroscopic sensor such as mid-infrared sensor and
quartz-enhanced photoacoustic sensor [86–90], which have the advantages of rapid detection at room
temperature without any reagent, the operation temperature of Au, and Pd NPs-decorated CNFs is
much higher.

In order to reduce the detection temperature, Lee et al. modified WO3 nanonodules onto the
CNFs, and the prepared WO3 nanomodule-decorated CNFs not only provides a higher sensing surface
area, but also WO2+ on the surface of the material can combine with the O2− of NO2, realizing the
detection of NO2 gas at room temperature, and the detection limit for NO2 reach 1 ppm (Figure 7) [67].

 

Figure 7. (a) SEM and TEM (inset) images of the WO3 nanomodule-decorated CNFs; (b) High resolution
transmission electron microscope (HRTEM) image of the WO3 nanomodule-decorated CNFs; and
(c) NO2 gas detection mechanism of the WO3 nanomodule-decorated CNFs. Reprinted with permission
from Reference [67]. Copyright the Royal Society Chemistry, 2013.

4.2. Strain/Pressure Sensors.

Conventional micro-electro mechanical system (MEMS) pressure sensors such as silicon
piezoresistive pressure sensor and silicon capacitive pressure sensor have the advantages of high
measurement accuracy, low power consumption, and low cost, but perform poorly in high-intensity
piezoresistive measurements. Due to its low cost, electrical conductivity, and potentially enhanced
mechanical properties such as fracture toughness and strain capacity, CNFs are also commonly used
for material structure health monitoring [91–95]. Zhu and coworkers used vistamaxx 6202FL (ethylene
content 15 wt%, propylene 85%) as the hosting polymer matrix to fabricate conductive polymer
nanocomposites reinforced with CNFs via the solvent-assisted casting method. The as-prepared
electrically conductive polymer nanocomposite can be utilized as strain sensors with large mechanical
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deformation (Figure 8a,b). The resistivity is reversibly changed by 102–103 times upon stretching to
120% strain and recovery to 40% strain (Figure 8c) [76].

 

Figure 8. (a) SEM image of the 5 wt% CNFs/Vistamaxx 6202FL polymer nanocomposite; (b) real
permittivity of the CNFs/Vistamaxx 6202FL polymer nanocomposite in the frequency range of 20–1000;
and (c) cyclic strain applied to specimen and the instantaneous response of resistivity with strain
of the 5 wt% CNFs/Vistamaxx 6202FL polymer nanocomposite. Reprinted with permission from
Reference [76]. Copyright American Chemical Society, 2011.

Azhari et al. prepared a conductive cement-based piezoresistive sensor by mixing 15% CNFs
and 1% carbon nanotubes. The sensor is more accurate and repeatable than traditional cement-based
sensors, with load amplitudes up to 30 kN and the gauge factor is about 445 [78]. Bazea et al.
synthesized a CNF and cement composite to measure strains on the surface of a structural element,
and found that the CNF cement-based composite with a gauge factor of 190 can be obtained by adding
2 wt% CNFs to cement [77]. Hu and coworkers fabricated a resistance-type strain sensor by using
Ag-coated CNFs and epoxy. The as-prepared Ag-coated CNFs/epoxy composite shows higher strain
sensitivity and better conductivity than that of CNFs without Ag-coating, and has a gauge factor of
155, this value is ~80 times higher than that in a metal-foil strain gauge [65]. In the application of
CNFs/polyurethane nanocomposite for tactile imaging and distributed strain sensing, Tallman et al.
found that the piezoresistive response is most sensitive to strain changes when the CNFs filling volume
fraction is 12.5%–15%. When the CNFs filling volume fraction is 7.5%, there is a region in which the
conductivity changes the most in the tactile imaging [79]. Yan and coworkers fabricated a flexible
strain sensor by using carbon/graphene composites nanofiber yarn/thermoplastic polyurethane, this
strain sensor shows a high level of stability during 300 stretching relaxation, and the average gauge
factor value is more than 1700 under an applied strain of 2% [94].

4.3. Sensors of Small Molecules

CNFs-based nanomaterials can not only be used to detect gas molecules and strain sensing, but
can also to detect small molecules [96]. Table 1 lists the CNF-based nanomaterials for detecting different
small molecules and their properties. Huang et al. loaded palladium NPs on CNFs to prepare a
Pd/CNFs modified carbon paste electrode for the detection of dopamine (DA), uric acid (UA), and
ascorbic acid (AA) [57]. After being modified with Pd NPs-loaded CNFs (Pd/CNFs), the oxidation
overpotentials of DA, UA, and AA were significantly reduced when compared to the bare carbon
paste electrode. The detection limits of Pd/CNFs modified carbon paste electrodes for DA, UA and AA
were 0.2 μM, 0.7 μM, and 15 μM, respectively, and the linear range was 0.5–160 μM (DA), 2–200 mM
(UA), and 0.05–4 mM (AA). Liu et al. reported another Pd NPs-loaded CNFs modified carbon paste
electrode for oxalic acid detection, the detection limit of the as-prepared sensor for oxalic acid as low as
0.2 mM, and shows a linear range from 0.2 to 45 nM [59]. Liu et al. also prepared a Ni/CNFs composite
electrode by electrospinning for glucose detection [63]. The as-prepared Ni/CNFs hybrid shows higher
sensitivity towards glucose due to the electrocatalytic activity of the Ni NPs and the stability of the
carbon electrode. In the absence of chloride poisoning, the detection limit of the Ni/CNFs composite
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electrode for glucose is 1 μM, with a linear range of 2 μM–2.5 mM (R = 0.9997). Li and coworkers
synthesized a magnetic composite through one-pot polymerization of dopamine, laccase, and Ni
NPs loaded CNFs (Figure 9). The as-prepared magnetic composite exhibited high selectivity towards
catechol, and showed a linear range from 1 to 9100 μM, with a detection limit of 0.69 μM for catechol
in water samples [56].

Table 1. Different CNF-based nanomaterials for small molecules detection 1.

Sensor Target Molecule Linear Range Detection Limit Reference

CNFs DA 0.2–700,000 μM 0.08 μM [97]

Pd/CNFs H2O2 and NADH 0.2–20,000 μM (H2O2),
0.2–716.6 μM (NADH) 0.2 μM(H2O2) [57]

Pd/CNFs DA, UA, AA 0.5–160 μM (DA), 2–200 mM
(UA), 0.05–4 mM (AA)

0.2 μM (DA), 0.7 μM (UA),
15 μM (AA) [57]

Ni/CNFs Glucose 2–2500 μM 1 μM [63]

PANI-IL-CNF Phenol 40–2100 nM 0.1 nM [98]

Pd/CNFs OA 0.2–45 mM 0.2 mM [59]

Pt/CNFs Glucose 2–20 mM [64]

Rh/CNFs Hydrazine 0.5–175 μM 0.3 μM [61]

CNFs Xanthine 0.03–21.19 μM 20 nM [50]

ZnO/CNFs DMMP 0.1–1000 ppb 0.1 ppb [66]

Pt/CNFs H2O2 1–800 μM 0.6 μM [53]

GNPs/CNF/Au CC and HQ 5–350 μM (CC), 9–500 μM
(HQ)

0.36 μM (CC), 0.86 μM
(HQ) [99]

MCNF/PGE DA, UA, AA 0.05–30 μM (DA), 0.5–120 μM
(UA), 0.1–10 mM (AA)

0.02 μM (DA), 0.2 μM
(UA), 50 μM (AA) [46]

CNFs Trp, Tyr, Cys 0.1–119 μM (Trp), 0.2–107 μM
(Tyr), 0.15–64 μM (Cys) 0.1 μM [51]

CNFs CC, HQ 1–200 μM 0.2 μM (CC), 0.4 μM (HQ) [52]

VACNFs DA, 5-HT 1–10 μM 50 nM (DA), 250 nM
(5-HT) [48]

CuO/rGO/CNFs Glucose 1–5.3 mM 0.1 μM [100]

Pd-HCNF H2O2, Glucose 5–2100 μM (H2O2),
0.06–6 mM (glucose)

3 μM(H2O2), 0.03 mM
(glucose) [54]

HRP-CNFs H2O2 1–10 μM 1.3 μM [101]

PtNP-CNF H2O2 25–1500 μM 11 μM [55]

Co3O4/CNFs H2O2 1–2580 μM 0.5 μM [102]

Ag-Pt/pCNFs DA 10–500 μM 0.11 μM [70]

Cu/CNFs Catechol 9.95–9760 μM 1.18 μM [62]

PDA-Lac-NiCNFs Catechol 1–9100 μM 0.69 μM [56]

Pd-Ni/CNFs Sugar 0.03–800 μM 7–20 nm [71]

CuCo-CNFs Glucose 0.02–11 mM 1 μM [72]
1 CNFs: carbon nanofibers; DA: dopamine; Pd/CNFs: palladium nanoparticle-loaded CNFs; NADH: nicotinamide
adenine dinucleotide; UA: uric acid; AA: ascorbic acid; Ni/CNFs: Ni NP-loaded CNFs; PANI-IL-CNF:
polyaniline-ionic liquid-CNF; OA: oxalic acid; Pt/CNFs: platinum NP-loaded CNFs; Rh/CNFs: rhodium NP-loaded
CNFs; DMMP: dimethyl methylphosphonate; ZnO/CNFs: ZnO decorated CNFs; GNPs/CNF/Au: gold electrode
modified with CNFs and gold NPs; CC: catechol; HQ: quinone; MCNF/PGE: mesoporous CNF-modified pyrolytic
graphite electrode; Trp: L-tryptophan; Tyr: L-tyrosine; Cys: L-cysteine; VACNFs: vertically aligned CNFs; 5-HT:
serotonin; CuO/rGO/CNFs: CuO nanoneedle/reduced graphene oxide/CNFs; Pd-HCNF: palladium-helical CNF
hybrid; HRP-CNFs: CNFs modified with horseradish peroxidase; PtNP-CNF: platinum NP-decorated CNF;
Ag-Pt/pCNFs: nanoporous CNFs decorated with Ag-Pt bimetallic NPs; Cu/CNFs: copper/carbon composite
nanofibers; PDA-Lac-NiCNFs: polydopamine-laccase-nickel NP loaded CNFs; Pd-Ni/CNFs: Pd-Ni alloy NP/CNF
composites; CuCo-CNFs: bimetallic CuCo NPs anchored and embedded in CNFs.
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Lee et al. fabricated a ZnO/CNFs composite for the detection of DMMP, and ZnO NPs decorated
on CNFs increased the specific surface area of the sensor and its affinity for DMMP [66]. The detection
limit of ZnO/CNFs composite for DMMP is 0.1 ppb, with a linear range of 0.1–1000 ppb. Huang et
al. modified glass carbon electrode using electrospun CNFs loaded with Ag-Pt alloy NPs [70]. The
as-prepared composite electrode can detect DA in the presence of UA and AA, and the detection
limit for DA is 0.11 μm, and the linear range is 10–500 μm. Tang et al. directly modified CNFs onto
carbon paste electrode for determining amino acids [51]. The detection limit for the L-tryptophan
(Trp), L-tyrosine (Tyr), and L-cysteine (Cys) was 0.1 μm, with linear ranges of 0.1–119 μM for Trp,
0.2–107 μM for Tyr, and 0.15–64 μM for Cys. Li et al. prepared CuCo alloy NPs-decorated CNFs by
electrospinning [72]. The as-prepared CuCo/CNFs composite exhibits high sensitivity to glucose in
human urine. The response time for glucose is 2 s and the linear range is 0.02–11 mM.

 

Figure 9. Synthetic route of magnetic Polydopamine-Laccase-Ni NP loaded CNFs composite and
its catalytic oxidation of catechol on the electrode. Reprinted with permission from Reference [56].
Copyright American Chemical Society, 2014.

4.4. Sensors of Biomacromolecules

The high surface area and large number of active sites of CNFs can not only provide the grounds
for the adsorption of proteins and enzymes, but CNFs can also provide the direct electron transfer and
stabilize enzyme activity [103]. Therefore, CNFs are the most promising substrates for the development
of biosensors [104–106]. Periyaruppan and coworkers developed a CNF-based nanoelectrode array for
cardiac troponin-I (cTnI) detection in the early diagnosis of myocardial infraction [49]. After being
modified with the anti-cTnI, the as-prepared biosensor showed high selectivity and sensitivity to cTnI,
it could detect as low as 0.2 ng/mL of cTnI, and showed linear concentration relationships in the ranges
of 0.25–1.0 and 5.0–100 mg/mL.

In order to protect the protein from protease attack, Vamvakaki et al. used biomimetically
synthesized silica to encapsulate the CNFs-immobilized enzyme acetylcholine esterase [74]. The
obtained silica/CNF architecture improves enzyme stabilization against thermal denaturation and
avoids protease attack, and exhibits an operational lifetime of more than 3.5 months under continuous
polarization. Arumugam and coworkers fabricated a 3 × 3-array biosensor using nanopatterned
vertically aligned CNF arrays (VACNFs) for E. Coli O157:H7 detection, the as-prepared patterned
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array showed nanoelectrode behavior and produced reliable electrochemical responses with high
signal-to-noise (>3) [107]. Gupta et al. also reported a nanoelectrode array based on vertically aligned
CNFs, and found that the decrease in redox current and the increase in charge transfer resistance are
proportional to the concentration of the C-reactive protein [108]. The detection limit of this biosensor for
C-reactive protein reaches 90 pM, which is in the clinically relevant range. Later, Swisher and coworkers
fabricated another nanoelectrode arrays using VACNFs for measuring the activity of proteases [109].
As shown in Figure 10, legumain and cathepsin B are covalently attached to the exposed VACNFs tip,
with a ferrocene moiety linked at the distal end. The enhanced AC voltammetry properties enable the
kinetic measurements of proteolytic cleavage of the surface-attached tetrapeptides by proteases, and
the “specificity constant” kcat/Km of the VACNF nanoelectrode arrays for cathepsin B and legumain is
(4.3 ± 0.8) × 104 and (1.13 ± 0.38) × 104 M−1 s−1, respectively. These values are about two times that
measured by a fluorescence assay.

 

Figure 10. (a) Vertically aligned carbon nanofiber (VACNF) array embedded in the SiO2 matrix and
(b) electron transfer from appended ferrocene at the distal end of the peptide to the underlying metal
film electrode through the VACNFs and the loss of the electrochemical signal from ferrocene due to the
cleavage of the peptide at specific sites. Reprinted with permission from Reference [109]. Copyright
American Chemical Society, 2013.

5. Conclusions and Outlooks

Based on the above introduction and discussion on the synthesis and sensor applications of
CNF-based functional nanomaterials, it can be concluded that CNFs play important roles for the
fabrication of various sensors for gas, pressure, strain, small molecules, macromolecules, and other
analytes. The using of CNF-based materials for sensor applications has a few advantages, for instance,
the mesoporous of CNFs and nano/micro porous structures of CNF-based materials improved the
surface area of electrode materials, the modification of CNFs with various NPs, polymers, and
biomolecules enhanced the sensing performance, and the physical and chemical interactions between
analytes and CNFs increased the sensing sensitivity of the fabricated sensors. Moreover, CNFs can
be continuously prepared by electrospinning and raw materials polyvinylpyrrolidone (PVP) and
polyacrylonitrile (PAN) are inexpensive. CNFs-based sensors generally exhibit high stability and
selectivity to target molecules due to the high mechanical strength and chemical inertness of CNFs,
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and its ability to significantly reduce the oxidation overpotential. It is believed that this work will be
valuable for readers to develop novel CNF-based functional materials through various fabrication
techniques, and explore other potential applications in energy, catalysis, and environmental science.

While the synthesis and applications of CNFs and CNF-based materials have been widely studied
in the last years, in our opinion, more efforts could be done in the following aspects. First, new synthesis
methods for CNFs could be developed. Currently, chemical vapor deposition and electrospinning are
the main strategies for creating CNFs. Other methods like template-based synthesis, self-assembly,
and chemical hydrothermal methods could also be considered to achieve in the synthesis of CNFs with
high efficiency. Second, the biological modification of CNFs for subsequent biomedical applications
including biosensors, anti-bacterial materials, bone tissue engineering, and others could be further
explored. Third, it is possible to fabricate CNF-based of 2D membranes and 3D aerogels/scaffolds for
water purification applications. In addition, more attentions could be paid to the design and fabrication
of high-performance energy storage materials/devices such as batteries, supercapacitors, solar cells,
and fuel cells by introducing suitable functional nanoscale building blocks into the CNF systems.
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Abstract: Sensor designs found in nature are optimal due to their evolution over millions of
years, making them well-suited for sensing applications. However, replicating these complex,
three-dimensional (3D), biomimetic designs in artificial and flexible sensors using conventional
techniques such as lithography is challenging. In this paper, we introduce a new processing paradigm
for the simplified fabrication of flexible sensors featuring complex and bioinspired structures. The
proposed fabrication workflow entailed 3D-printing a metallic mold with complex and intricate 3D
features such as a micropillar and a microchannel, casting polydimethylsiloxane (PDMS) inside the
mold to obtain the desired structure, and drop-casting piezoresistive graphene nanoplatelets into
the predesigned microchannel to form a flexible strain gauge. The graphene-on-PDMS strain gauge
showed a high gauge factor of 37 as measured via cyclical tension-compression tests. The processing
workflow was used to fabricate a flow sensor inspired by hair-like ‘cilia’ sensors found in nature,
which comprised a cilia-inspired pillar and a cantilever with a microchannel that housed the graphene
strain gauge. The sensor showed good sensitivity against both tactile and water flow stimuli, with
detection thresholds as low as 12 μm in the former and 58 mm/s in the latter, demonstrating the
feasibility of our method in developing flexible flow sensors.

Keywords: 3D printing; biomimetic sensor; flexible electronics; graphene; PDMS; gauge factor

1. Introduction

Biological sensors found in living beings ranging from bacteria to plants to mammals display
sensing capabilities that are unrivalled by any comparable man-made technologies, both in sensitivity
and versatility, owing to millions of years of optimization through evolution and natural selection.
The creative micromechanical designs of various biological sensors such as acoustic sensors in the
inner ear, olfactory sensors in sharks, neuromast flow sensors in fishes, wake sensing whiskers in
seals, tactile sensors in human finger tips, thermal sensors in beetles, and so on, exhibit impressive
sensitivity and high efficiency in filtering biologically-relevant signals in noisy ambient conditions [1–3].
In the pursuit of efficient microelectromechanical systems (MEMS) sensors, researchers have taken
inspiration from natural sensors mainly by mimicking their unique morphology, materials, geometry,
and functionality [4–9].

Ultrasensitive hair-like ‘cilia’ structures are ubiquitous in nature and perform flow sensing in
numerous animal species, examples of which are shown in Figure 1a (blind cavefish or Astyanax
mexicanus fasciatus) and Figure 1b (tiger wandering spider or Cupiennius salei). The sensing principle of
the cilia in all these species is similar, namely, that the drag force induced by the flow is translated to
mechanical bending of the high-aspect ratio cilia, which in turn elicits an electrical impulse across the
hair cell membrane located at the base of the cilia (Figure 1c). Cilia sensors in crickets are capable of
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detecting airflow velocities as low as 0.05 mm/s [10], while the neuromast cilia sensors in fishes can
detect steady-state water flow velocities down to 10 mm/s [11] and oscillatory flow velocities as low as
10–38 μm/s in the 10–20 Hz range [12,13]. The hair-like sensilla on spider legs are sensitive to air flow
perturbation energies as low as 2.5 × 10−20 Joules [14]. Mechanosensitive ‘stereocilia’ bundles achieve
ultrafast and sub-Brownian threshold detection of sound, linear acceleration, and angular velocity
by exhibiting microsecond response times and nanometer-scale deflection sensitivities in the inner
ear of mammals [15]. Similar to the cilia, seals use their whiskers as ultrasensitive flow sensors to
detect wake trails generated by fishes, allowing them to hunt prey swimming 180 meters away [16].
The dimensions of most biological cilia range from 2–1500 μm in height and 0.2–500 μm in diameter,
thus allowing cilia-inspired sensors to be fabricated using MEMS technology [17]. Researchers have
achieved impressive sensitivity (as high as 0.077 V/m s−1) and threshold velocity detection limits (as
low as 0.015 m s−1) by closely mimicking, for instance, the anatomy and functionality of lateral line
sensors found in fishes [18,19].

 

Figure 1. Biomimetic flow sensing: (a) lateral line sensors on fish skin (shown by black dotted line)
containing hair-like cilia bundles (credit: Prof. Andrew Forge [20]) for water flow sensing; (b) hair-like
sensilla on spider legs (reprinted with permission from [14], Copyright The Royal Society, 2008);
(c) schematic of flow-induced bending of cilia bundles encapsulated by a protective cupula; and
(d) sensing principle of bioinspired sensor comprising hair cell and cantilever used in this work.

Artificial MEMS cilia sensors have been developed in the past using conventional micro/nano
fabrication processes utilizing either silicon or SU-8 polymer as the structural material embedded with
piezoelectric or piezoresistive sensing elements. While some researchers used hot wire anemometry [21],
capacitive sensing [22], and optical sensing [23] to develop flow sensors inspired by cilia, others focused
on mimicking the drag-force induced bending of the cilia which followed the sensing principle of the
biological cilia and allowed utilization of biomimetic material-induced sensitivity enhancement of
the sensor [18,24–27]. Inspired by flow sensing cilia in crickets, Casas et al. [28] developed MEMS
flow sensors featuring 825 μm tall SU-8 polymer cilia with reduced diameter at the distal tip through
double layer polymer deposition and lithographic patterning. Yang et al. [21] developed an array of
three-dimensional (3D), out-of-plane, MEMS flow sensors that used hot wire anemometry to detect
flows and perform distant touch hydrodynamic imaging similar to the neuromast sensors in fishes.
The 3D sensing element was fabricated through surface micromachining to form a nickel-iron alloy
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support prong and a nickel-polymer composite hot-wire, after which the surface micromachined planar
device was converted into a 3D structure through a magnetically assisted assembly step that rotated
the cantilevers out-of-plane and spatially elevated the hot-wire sensing element [21]. Chen et al. [27]
developed cilia-inspired MEMS flow sensors featuring a SU-8 resist polymer cylinder, 600 μm tall and
80 μm in dimeter, positioned at the distal tip of a 2 μm thick and 20 μm wide silicon double cantilever
beam structure embedded with ion-implanted piezoresistors at the hinge. Similar to the biological cilia
sensors, these MEMS cilia transduced the drag force-induced bending to the sensing element at the
base. These sensors were capable of sensing steady-state and oscillatory water flow velocities as low as
25 mm/s and 1 mm/s, respectively, and could achieve an angular flow direction resolution of 2.16◦ in air
flow [27]. Alfadhel et al. [29] developed cilia-inspired tactile sensors out of PDMS and iron nanowires;
the magnetic sensing element was fabricated using standard lithography procedures while the cilia was
cast out of a master mold with laser-drilled holes. Kottapalli et al. [18,25] developed an all-polymer,
cilia-inspired, MEMS flow sensor which featured 3D-printed (via stereolithography) polycarbonate
cilia positioned on a liquid crystal polymer sensing membrane deposited with serpentine shaped,
photo-patterned, gold strain gauges [12,13]. These sensors were mainly used to sense steady-state
flows and to demonstrate ‘touch at a distance’ underwater object imaging. Asadnia et al. [24] used
the same polycarbonate cilia but on a lead zirconium titanate (PZT, Pb[Zr0.52Ti0.48]O3) piezoelectric
membrane to form self-powered cilia flow sensors that successfully detected near-field dipole stimuli
in both air and water.

Most of the biomimetic cilia-inspired MEMS flow sensors discussed above utilized conventional
microfabrication techniques which were cumbersome and involved multilayer deposition and
lithography steps, especially when fabricating high-aspect ratio cilia structures. Moreover, they
were limited by the number of materials (usually silicon or SU-8 polymer) that could be used in the
fabrication, making them unsuitable for flexible sensing applications. To truly mimic the ultrasensitivity
of naturally-occurring cilia and implement it in artificial flow sensors, a combination of a soft polymer
pillar structure (allowing high bending strains) and high-gauge factor strain sensing materials is
essential. Several nanomaterials such as silver nanowires [30] and nanoparticles [31,32], zinc oxide
nanowires [33], carbon black [34], carbon nanotubes [35], graphene oxide [36,37], and graphene [38–44]
have shown promise when used as flexible strain sensors, where the nanomaterials were either
mixed with the soft polymer to form a nanocomposite or were deposited as a thin film on a flexible
substrate [45,46]. In particular, the use of graphene as a piezoresistive strain sensor has been actively
explored in the literature due to the high gauge factors achievable [47]. The unique two-dimensional
(2D) structure of graphene facilitates easy sliding between neighboring flakes, causing a large change
in contact area (and hence contact resistance) upon the application of strain [44,48] leading to higher
gauge factor values than conventional piezoresistive strain gauges.

3D-printing technology has recently emerged as a promising technique for rapid manufacturing
of sensors [49–51], but its application towards fabricating bioinspired, flexible, MEMS flow sensors has
been limited, since direct printing of soft polymers (such as polydimethylsiloxane) is challenging owing
to their low Young’s modulus values and long curing times. Although some researchers [18,24,52]
used a hybrid approach by mounting 3D-printed cilia structures manually on photolithographically
fabricated sensing membranes, monolithic fabrication and integration of cilia-inspired, 3D MEMS
structures and sensing elements remains a major challenge.

In this work, we designed and fabricated a cilia-inspired flow sensor using polydimethylsiloxane
(PDMS) for the sensor structure and graphene nanoplatelets (GN) as the piezoresistive sensing elements.
The 3D sensor structure in this work was fabricated by casting PDMS into a 3D-printed, stainless steel
mold. The bioinspired sensor design comprised an all-PDMS cantilever-pillar structure with a GN
piezoresistor deposited on the cantilever surface (Figure 1d). The drag force-induced bending of the
pillar, and thereby the cantilever, due to flow was sensed by a change in resistance of the piezoresistive
sensing elements (i.e., GN) located inside the microchannel. Uniaxial tension-compression tests were
conducted to characterize the graphene-on-PDMS strain gauge. Oscillatory and steady-state tests were
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performed to gauge the sensitivity of the cilium sensor for both flow and touch stimuli. The original
aspects of our work include: i) a novel, low-cost, and repeatable processing technique, involving a
combination of high-resolution metal 3D printing and polymer casting, to fabricate flexible and 3D
sensor structures with intricate features; ii) the use of GN as a piezoresistive sensing element for flow
sensing; and iii) the creation of high sensitivity in bioinspired MEMS flow sensors using a combination
of flexible sensor structures and high-gauge factor graphene sensing elements. The fabrication methods
described in this work alleviate the cumbersome and expensive multilayer deposition and lithography
steps required to fabricate complex 3D structures (e.g. high-aspect ratio pillars) and/or intricate features
(e.g. microchannels). The proposed methodology also allows the possibility of using a wide range of
polymer materials for MEMS fabrication. Finally, the 3D printing and casting approach described in
this work can potentially pave the way to the development of other biomimetic 3D-printed sensor
structures in the future.

2. Materials and Methods

2.1. Sensor Fabrication

2.1.1. 3D Printing of the Metallic Mold

The flow sensor structure utilized a cantilever-pillar design, with a vertically standing cylindrical
hair-like structure (Ø 1.5 mm × 4 mm) located at the free end of the horizontal cantilever
(4.5 mm × 1.5 mm × 1.5 mm); further, a U-shaped microchannel (0.3 mm × 0.3 mm × 6.5 mm)
designed on the top surface of the cantilever accommodated the GN sensing element. The metallic
mold for the sensor, i.e. the ‘negative’ of the sensor design, was 3D-printed using the selective laser
melting process (SLM 125HL, SLM Solutions GmbH, Lübeck, Germany) [53], where a focused laser
beam selectively fused 17–4 PH stainless steel powder (10-50 μm size distribution, LPW Carpenter
Additive, Runcorn, UK) into the final 3D mold shape in a layer-by-layer manner, using a powder
layer thickness of 30 μm. The focused laser beam had a spot size of 70 μm, making the minimum
feature size printable with this process to be 140 μm in the build plane. Manufacturer-recommended
processing parameters (e.g. 200 W laser power, 800 mm/s laser scan speed, 120 μm hatch spacing,
etc.), optimized to maximize the density of the 3D-printed mold, were used for the selective laser
melting (SLM) process. After printing, the inner walls of the 3D-printed mold were first sandblasted to
improve their surface quality and then lubricated using a commercially available degreaser (WD-40,
San Diego, CA, USA) to facilitate demolding.

2.1.2. PDMS Casting and GN Infusion

PDMS (SYLGARD TM 184, Dow Corning, Midland, MI, USA) solution was prepared by thoroughly
mixing a ratio of 10 parts base monomer to 1 part curing agent by weight, after which it was degassed in
a vacuum chamber for 40 min, poured into the 3D-printed mold, degassed for another 10 min, allowed
to cure at room temperature for a period of 48 h, and finally demolded to obtain the sensor structure.
Conductive graphene dispersion (Graphene Supermarket, Ronkonkoma, NY, USA), consisting of a
solution of GN (average thickness of 7 nm) in n-butyl acetate and a proprietary dispersant (23 wt.
% graphene), was further diluted with ethanol to reduce its viscosity and then drop cast into the
microchannel on the cantilever surface using a syringe and a 22-gauge needle. The GN solution flowed
easily in the microchannel due to the capillary effect and formed a thin film on the PDMS substrate
upon drying, after which it was gently annealed at 120 ◦C for 30 minutes to improve its conductivity as
per the supplier’s recommendation. Electrical connections were made at the ends of the microchannel
using conductive silver paste (EPOTEK H20E, Epoxy Technology Inc., Billerica, MA, USA). A schematic
of the sensor fabrication work flow is presented in Figure 2. Figure 3a shows an optical micrograph of
the sensor structure with graphene infused into the microchannel, while Figure 3b,c show scanning
electron microscopy (SEM) micrographs of the GN inside the microchannel, demonstrating that the
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GN were successfully drop-cast into the microchannel without any unintended connections across it.
The GN sensing elements were homogeneously distributed inside the microchannel and contacted
each other.

Figure 2. Schematic of fabrication process flow involving metal 3D printing (selective laser melting),
PDMS casting, and graphene infusion into microchannel. Selective laser melting (SLM) process
schematic (Image I) reprinted with permission from [54], Copyright Elsevier, 2019. All dimensions in
Image IV are in mm. The size of the graphene nanoplatelets in Image V is exaggerated.
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Figure 3. Micrographs of sensor structure with graphene infused into the microchannel: (a) optical
micrograph of the developed sensor, (b) SEM image of GN inside the microchannel and (c) high
magnification SEM image showing the morphology of GN sensing elements.

2.2. Gauge Factor Characterization

Since the GN strain gauge present on the top surface of the cantilever forms the fundamental
piezoresistive sensing element, the determination of its gauge factor (GF) is a crucial step towards
the sensor characterization. The GF of a strain gauge, defined as the ratio of the fractional resistance
change ( R−R0

R0
= ΔR

R0
) to the mechanical strain (ε), where R and R0 are the sensor resistances in the

stressed and unstressed conditions respectively, was measured through a uniaxial tension-compression
test. A rectangular cuboid tensile test specimen (50 mm × 10 mm × 10 mm) with a microchannel
(23 mm × 0.3 mm × 0.3 mm) on one surface was cast in PDMS using a 3D-printed mold, after which GN
was drop-cast into the microchannel and gently annealed using the procedure described in Figure 2.
Electrical connections were made at the ends of the microchannel using conductive silver paste. The
rectangular tensile specimen was subjected to 10 tensile-compressive cycles using a micromechanical
testing machine (Kammrath & Weiss GmbH, Dortmund, Germany). 10 mm of the tensile specimen
length was clamped on each side during the test, giving a gauge length of 30 mm which was used for
all the strain calculations. Each strain cycle started at a compressive strain of −1.92%, and consisted
of: i) ramping up to a tensile strain of 1.92%, ii) holding at the 1.92% tensile strain for 30 seconds, iii)
ramping down to a compressive strain of −1.92%, and iv) holding the −1.92% compressive strain for
30 s. A constant strain rate ( Δε

Δt ) of ± 6.67 × 10-4 s−1 was used for all the ramps, making each cycle
approximately 174 s long. The resistance of the sensor was continuously monitored via the setup
described in Section 2.3.1.
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2.3. Sensor Testing

2.3.1. Data Acquisition

The two ends of the GN-containing microchannel were connected to a Wheatstone bridge circuit
powered by a 9 Volt direct current (DC) power supply, and the unamplified voltage output from the
sensor was continuously monitored using a National Instruments (Austin, TX, USA) data acquisition
system (NI-DAQ UBS-6003) and recorded using the NI Signal Express software. The sampling rate
for the gauge factor and oscillatory flow sensing experiments were 10 and 1000 Hz, respectively. For
the gauge factor characterization, the recorded voltage was converted to electrical resistance using
Kirchhoff’s laws applied to the Wheatstone bridge circuit [55].

2.3.2. Experimental Setup for Oscillatory Stimuli

A vibrating dipole apparatus, described in detail in Ref. [24], was used for the oscillatory stimuli.
The dipole stimulus was chosen for the flow sensing experiments since the flow field generated by
an oscillating sphere is well studied and has been used by other researchers in the past [24,27] for
characterizing artificial cilia sensors. In brief, the apparatus consisted of a vibrating stainless steel
sphere (8 mm diameter) or ‘dipole’ whose driving voltage, frequency, and oscillatory function (e.g.
sinusoidal, saw-tooth, etc.) could be tuned as desired. A permanent magnet mini-shaker (Bruel & Jkaer
model 4810, Norcross, GA) having an axial resonant frequency greater than 18 kHz was used to drive
the dipole at the desired frequencies and amplitudes. The driving voltage and frequency determined
the amplitude and root-mean-square (RMS) velocity of the oscillating sphere; this relationship has been
determined in the past through laser doppler vibrometry (LDV) for a sinusoidal driving function [24];
thus, it was possible to independently and accurately vary the frequency and the amplitude/RMS
velocity of the vibrating dipole.

3. Results

3.1. Gauge Factor of Graphene-on-PDMS Strain Gauge

Figure 4 shows the measured resistance of the graphene strain gauge for the applied
tensile-compressive strain profile. The resistance change was observed to be linear and nearly
identical during both the elongation and compression regions of the ten cycles, with a resistance change
rate (ΔR/Δt) of 1.135 ± 0.053 kΩ/s calculated by averaging over a total of twenty (ten ramp-up and
ten ramp-down) regions. The GN showed excellent recovery over the course of all the ten cycles; the
resistance during the compressive hold period was steady, while it drifted by around 5 kΩ during
every tensile hold period, indicating higher stability in compression than in tension. Using the strain
rate in the linear ramp region (Δε/Δt = 8.7 × 10−4 s−1) and the resistance of the unstressed sample
(R0 = 46 kΩ), the average GF was calculated to be 37 ± 1.7, which is in the range of GF’s reported in the
literature for graphene strain gauges on elastomeric substrates, as shown in Table 1.
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Figure 4. Gauge factor measurement: (a) schematic of tensile test setup to measure resistance for an
applied strain (blue: PDMS, yellow: graphene); and (b) applied strain profile and measured resistance
change for 10 tension-compression cycles.

Table 1. Comparison with gauge factor values in the literature.

Materials Methods Strain (%) Gauge Factor Reference

Graphene film on rubber Spray coating 5 6–35 [43]

Graphene rosette strain
gauge on PDMS film

Reactive ion etching,
stamping 7.1 14 [38]

Graphene serpentine strain
sensor on PDMS

Chemical vapor
deposition,

photolithography,
spray coating

20 42.2 [40]

Graphene thin film on
polyethylene terephthalate

(PET) substrate
Spray deposition 1.5

10–100 (depending
on graphene

concentration)
[44]

Graphene nanoplatelets in
microchannel on PDMS

PDMS casting inside
3D-printed mold,

graphene ink
drop-casting

±1.92 37 This work

The measured GF for GN is one order of magnitude higher than the GF for a comparable copper
strain gauge on a flexible substrate which had a gauge factor of 3 [56]. This can be attributed to the
piezoresistivity exhibited by the GN, where the change in resistance due to the applied strain is due not
only to geometrical changes (as in metal strain gauges) but rather to a change in resistivity caused by

84



Nanomaterials 2019, 9, 954

slippage of neighbouring nanoplatelets; tensile strains cause the nanoplatelets to slip away from each
other, decreasing the contact area and hence increasing the contact resistance, whereas compressive
strains have the opposite effect and reduce the contact resistance [44,48]. The high GF measured in this
study thus demonstrated the potential of our methodology for fabricating flexible graphene-on-PDMS
strain gauges, and the utility of such a flexible strain gauge in flow and tactile sensing is described in
Section 3.2.

3.2. Characterization of the Biomimetic Cilium Sensor

In order to experimentally characterize the flow sensing performance of the biomimetic flow
sensor, a series of static and dynamic flow tests were conducted both in air and water. To understand
the relation between the displacement of the cilium and the sensor output, a tactile test was conducted
where the cilium was subjected to a known displacement while the voltage output of the sensor
was recorded. Since the cilia in nature act not only as flow sensors but also as touch and vibration
sensors [29], the tactile sensing performance of the sensor was tested using an oscillatory contact
stimulus whose oscillatory amplitude could be accurately controlled. To measure the minimum
displacement that could be sensed by the sensor, the dipole was positioned in such a way that its mean
position at rest was just touching the hair cell at its tip, and then made to vibrate at a frequency of
35 Hz at different amplitudes ranging from 26 to 241 μm along the Y direction. Each test at a given
amplitude was repeated thrice. The voltage-time data for a given test was processed using the Fast
Fourier Transform (FFT) operation in the Origin software (OriginLab, Version 2019, Northampton,
MA, USA) and the FFT peak (if discernible) at 35 Hz was noted as the sensor output for that particular
test and plotted against the oscillatory amplitudes (Figure 5a). The sensor showed a clear peak at the
excitation frequency of 35 Hz for all the tested amplitudes (example shown in Figure 5b for d = 205 μm).
It is evident from Figure 5a that the sensor showed an approximately linear response to the varying
amplitude. The maximum strain induced in the cantilever due to a displacement d of the cilium tip can
be approximated to be [27]:

εmax =
t

2L
tan−1 d

H
=

t
2L

d
H

f or d� H

where t is the cantilever thickness (1.5 mm), L is the cantilever length (4.5 mm), and H is the cilium height
(4 mm), giving a range of 0.1–1% maximum strain in the cantilever for the range of tip displacements
applied in the experiment. The relation suggests that the maximum strain in the cantilever (and thus
the change in GN resistance) can be assumed to vary linearly with the tip displacement, leading to a
linear relationship between the measured sensor output and tip displacement as observed in Figure 5a
(average sensitivity ~ 1.02 mV/μm). Further, the sensing threshold, i.e. the lowest tested d at which the
sensor showed a response, was 12 μm.

The flow sensing performance of the sensor was then characterized for steady flows and
oscillatory flows. Figure 5c shows the response of the sensor to a steady-state air flow generated
from a flow-controllable air nozzle at velocities of approximately 2, 7, and 10 m/s as measured by a
commercial anemometer. The output of the sensor was recorded as the air nozzle was manually swept
past the sensor at a distance of 5 mm from the cilium. The direction of sweeping was along the Y-axis
whereas the compressed air direction was along the X-axis, according to the coordinate system shown
in Figure 2 (image VI). It can be seen from the Figure 5c that increasing the velocity of the air flow
showed a corresponding increase of the sensor output due to a greater degree of pillar bending and
consequent cantilever torsion. In order to determine the response of the sensor to extremely low steady
flow velocities, we recorded the sensor output for respiratory exhalation performed in the vicinity of
the sensor approximately 25 mm from the cilium. Figure 5d shows the output of the sensor for air flow
exhaled at timed intervals demonstrating possible applications in wearable breathalyzers. The sensor
showed very good sensitivity and recovery for both tests, exhibiting its capability of sensing pulsed
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flows along both the X and Y directions. Moreover, this experiment thus showcased the ability of the
graphene strain gauge to exhibit piezoresistivity during both the bending and torsion of the cantilever.

  

  

  

Figure 5. Sensor tests: (a) oscillatory tactile stimuli; (b) example of FFT peak at 35 Hz for d = 205 μm;
(c) compressed air stimuli along X-axis; (d) respiratory exhalation along Y-axis; (e) oscillatory flow
stimuli in DI water (RMS velocity sweep); (f) oscillatory flow stimuli in DI water (frequency sweep).

Finally, in order to determine the response of the sensor to dynamic flow stimuli, the sensor output
was tested in deionized (DI) water using the vibrating dipole stimulus. In this test, the sphere vibrated
along the vertical (i.e. Z) direction with the cilium also oriented along the vertical (–Z) direction. The
oscillating sphere was completely submerged in the water, while only the cilium was kept submerged
inside the water to avoid contact of the water with the conductive GN strain gauge. The lower tip
of the cilium was at a distance 8.48 mm from the center of the vibrating sphere (6mm each along the
vertical and horizontal directions), sufficiently far to ensure no contact between the dipole and the
cilium at any of the tested amplitudes. Two sweeps were undertaken: varying the RMS velocity (by
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tuning the RMS driving voltage) of the sphere, from 53 to 90 mm/s at a constant frequency of 35 Hz,
and varying the frequency at a constant RMS driving voltage of 707 mV.

In the RMS driving voltage sweep, the FFT of the voltage-time data provided the sensor output at
the 35 Hz driving frequency, allowing the sensor output variation as a function of the oscillatory velocity
of the dipole. In the frequency sweep, the FFT operation was used to isolate the sinusoidal sensor
output at the driving frequency to determine whether the sensor was capable of responding to different
frequencies. Figure 5e shows the flow calibration of the sensor for oscillatory flow stimulus in DI water.
The sensor demonstrated a sensitivity of 30 mV/(m s−1) in the velocity range of 65–90 mm/s which
was in the range of reported sensitivities (0.6–44 mV/m s−1) for recently reported cilia-inspired flow
sensors tested under similar conditions [24,57]. For the RMS velocity sweep at a constant frequency of
35 Hz (Figure 5e), the sensor could not detect the lowest tested RMS velocity of 53 mm/s, thus giving
a sensing threshold of 58 mm/s for the RMS velocity of the vibrating sphere. Figure 5f shows the
post-FFT sensor response for varying frequency excitations of the dipole at 10 Hz, 35 Hz, 75 Hz, and
110 Hz. The results proved the sensor’s ability to respond to near-field perturbations in water, and
can be used, for instance, in the underwater detection of objects especially in murky conditions with
low visibility.

The processing methodology detailed in Figure 2 was thus able to successfully fabricate the
3D biomimetic sensor structure. In comparison with conventional ‘cleanroom’ approaches such as
multilayer deposition and lithography, the proposed workflow is capable of monolithic fabrication of
flexible electronics circuits, and can build both transducing (e.g. cilia-inspired pillars) and sensing (e.g.
microchannels for piezoresistive materials such as GN) elements in the same step. Unlike direct 3D
printing that is unable to print elastomeric polymers such as PDMS, our approach is not limited by the
choice of polymer, and can, moreover, be used to fabricate multimaterial polymeric microstructures.
With recent advances in 3D printing technology [58,59], feature sizes in the range of 1–30 μm are now
achievable, making our proposed methodology ideal for batch fabrication of flexible microsensors of
complex shapes. Finally, our method of 3D printing and molding is ideal for easy fabrication of arrays
of cilia sensors similar to fish lateral lines.

4. Conclusions and Future Research

In this work, a novel processing methodology involving high-resolution metal 3D printing and
polymer casting was developed to fabricate flexible, bioinspired, flow sensors. The PDMS sensor
consisted of a cilium-inspired pillar and a cantilever with microchannels that housed a graphene
nanoplatelet strain gauge. The gauge factor of the graphene-on-PDMS strain gauge was measured
using cyclic tension-compression tests to be 37, an order of magnitude higher than comparable metal
strain gauges. The bioinspired sensor was subjected to both tactile and flow stimuli, and displayed
good sensitivity in all cases, showing a detection threshold of 12 μm for an oscillating tactile stimulus
and 58 mm/s for an oscillatory flow stimulus in water. In conclusion, the developed fabrication method
was successful for the fabrication of a soft polymer sensor and shows promise in batch fabrication of
flexible electronics. Future work will focus on optimizing and miniaturizing the design of the sensor,
optimizing the GN drop-casting procedure to ensure uniform and repeatable thin film characteristics,
and fabricating cilia-inspired sensor arrays to mimic the fish lateral line. More generally, the approach
presented in this work is part of a recent trend towards the utilization of 3D printing techniques
for complex-shaped sensor fabrication. Recent developments in 3D printable technology—such as
micron-scale printing resolutions and multi-material printing—can enable monolithic fabrication of
biomimetic MEMS sensors with integrated piezoresisitive and/or piezoelectric sensing elements, thus
obviating multi-step and expensive cleanroom fabrication processes.
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Abstract: Affinity biosensors based on graphene field-effect transistor (GFET) or resistor designs
require the utilization of graphene’s exceptional electrical properties. Therefore, it is critical when
designing these sensors, that the electrical properties of graphene are maintained throughout the
functionalization process. To that end, non-covalent functionalization may be preferred over covalent
modification. Drop-cast 1,5-diaminonaphthalene (DAN) was investigated as a quick and simple
method for the non-covalent amine functionalization of carbon-based surfaces such as graphene,
for use in biosensor development. In this work, multiple graphene surfaces were functionalized
with DAN via a drop-cast method, leading to amine moieties, available for subsequent attachment
to receptor molecules. Successful modification of graphene with DAN via a drop-cast method
was confirmed using X-ray photoelectron spectroscopy (XPS), Raman spectroscopy and real-time
resistance measurements. Successful attachment of receptor molecules also confirmed using the
aforementioned techniques. Furthermore, an investigation into the effect of sequential wash steps
which are required in biosensor manufacture, on the presence of the DAN layer, confirmed that
the functional layer was not removed, even after multiple solvent exposures. Drop-cast DAN is
thus, a viable fast and robust method for the amine functionalization of graphene surfaces for use in
biosensor development.

Keywords: graphene; non-covalent; biosensor; real-time; sensor; nanocomposite; π-π stacking;
drop-cast; carbon-surfaces; resistor; GFET

1. Introduction

Graphene possesses exceptional electrical properties [1,2] such as extremely high carrier
mobility, high electron transfer rates, gate tenability [3] and highly efficient fluorescence quenching,
making graphene an attractive platform for electrical, electrochemical, and optical sensor
technologies [4]. Affinity biosensor manufacture requires bio-functionalization of the graphene
surface with an analyte-specific receptor [5]. Adsorption of proteins to a graphene surface for use
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in biosensors requires the protein to remain in a particular conformation, ensuring one part of the
protein is in contact with the graphene surface (required for adsorption stability and electron doping)
and another specific part is exposed to the solvent/solution phase (required for receptor-analyte
binding) [6,7]. Protein adsorption to a surface is a complicated process involving van der Waals,
hydrophobic, and electrostatic interactions, and hydrogen bonding [8], with process conditions, such as
ionic strength, pH, and temperature also contributing factors [9]. Non-covalent interactions between
proteins and graphene depend on the binding affinity of various residues in the protein as well
as the distribution of the residues [6] and it has not been explicitly shown that a protein remains
functional after adsorption onto graphene surfaces [10]. Therefore, different unique proteins could
interact differently with the graphene surface, potentially affecting the proteins’ structure and binding
capability. Surface modification strategies are necessary to ensure the binding of proteins to preferential
sites and to help maintain protein conformation. To that end, chemical functionalization of the graphene
surface before attachment of receptor proteins is essential to the development of working biosensors.

The functionalization of carbon surfaces can be either covalent [11] or non-covalent [12]. Covalent
functionalization involves reaction with the sp2 carbon bonds in the aromatic lattice and the subsequent
introduction of sp3 bonds at these reaction sites, reducing the aromaticity of the graphene lattice and
therefore affecting the properties of the graphene as electrical mobility is reduced [13]. Non-covalent
functionalization methods can also be used, which do not disrupt the sp2 bonding in graphene.
This leaves the bonding structure of graphene intact as it involves electrostatic interactions, π-π stacking
or van der Waals interactions [12]. High carrier mobility and gate tunability is desirable for high
sensitivity of graphene sensors. It is therefore preferable that functionalization methods have minimal
disruption on the crystal lattice of graphene and its associated electronic transport properties [14],
with a functional layer as thin a layer as possible, in order to maintain the proximity of the graphene
layer to the sensing system [15]. Noncovalent functionalization is thus advantageous in the manufacture
of graphene field-effect transistor (GFET) or resistor-based sensors. Much research is currently ongoing
into the use of GFET or resistor based sensors using varied functionalization techniques and for the
detection of a wide range of analytes including real-time monitoring of insulin [16], the detection
of human chorionic gonadotropin as a cancer risk biomarker [17], carcinoembryonic antigen [18],
and drug quantification [19].

Functionalization allows for the availability of binding moieties e.g., amine groups, which in
turn allow for further bio-functionalization via crosslinking chemistries such as carbodiimide
EDC(N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride)-NHS(N-Hydroxysuccinimide).
Such non-covalent functionalization requires that molecules have π-conjugated systems which overlap
the π orbitals of the graphene, e.g., aromatic compounds [20]. One example of a common aromatic
amine compound used to this end in biosensor development is aniline, which has been used in
biosensing for such applications as the electrochemical detection of human chorionic gonadotropin
using graphene screen printed electrodes [21], detection of neutrophil gelatinase-associated lipocalin
using graphene/polymerized aniline nanocomposites [22] and real-time detection of ammonia using
graphene/polymerized aniline nanocomposite films [23]. Another example of an aromatic amine
compound used in biosensor development is 1,5-diaminonaphthalene (DAN) which has been previously
used for the electrochemical detection of chloramphenicol using edge plane pyrolytic graphite
sensors [24] and the detection of sulfamethoxazole using glassy carbon electrodes [25]. However
DAN has also been realized as a functionalization method for use in GFET or resistor based sensors,
for example in the detection of Hg2+ [26] or for hydrogen gas sensing [27]. Much research into the use
of DAN for graphene functionalization has been demonstrated when utilized in its polymeric form
(pDAN), for the creation of thin conducting films on top of the graphene surface for sensing purposes,
including the use of pDAN films to improve enzymatic electrochemical sensing [28] and for the
detection of lactose [29]. Monomeric DAN, however, can also be used in non-covalent functionalization
via π-π stacking onto graphene surfaces, which can be achieved by a simple drop-cast technique.
DAN orients flat on the graphene surface due to π-π stacking interactions between the naphthalene
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of the DAN molecule and the aromatic structure of the grapheme [27], thus offering a simple route
for functionalization.

Our recent work on real-time analysis of graphene GFETs showed that graphene surfaces
are extremely sensitive to the reagents used in surface modification, e.g., water and ethanol [5].
Although such simple drop-cast methods for non-covalent binding are advantageous with respect to
avoidance of exposure of graphene surfaces to harsh chemicals in more aggressive functionalization
processes (electropolymerization, covalent functionalization etc.), it is important to explore the stability
of such drop-cast layers. Preservation of graphene’s electrical properties during functionalization
is essential but the potential variable nature of direct absorption of biomolecule receptors on to the
graphene surface means chemical functionalization before bio-functionalization is a pre-requisite
step in biosensor development. In this work, graphene surfaces were functionalized with 1,5-DAN
via a drop-cast method, leading to π-π stacking of the DAN molecules onto the graphene surface.
The stability of the DAN layer on graphene and that of the subsequent attachment of a monoclonal IgG
(model) antibody was explored following multiple wash steps, using X-ray photoelectron spectroscopy
(XPS), Raman analysis, and real-time resistance measurements. The viability of drop-cast DAN as a
simple and quickly applied functionalization layer for use in biosensor development is investigated.

2. Materials and Methods

2.1. Materials

Graphenea (Cambridge, MA, USA): Monolayer graphene on 300 nm thermal oxide SiO2/Si
wafers. DOW Electronics Materials (Portland, ME, USA): Microchem LOR 3A positive photoresist;
Microposit S1805 G2 Positive resist; Microposit MF-CD-26 developer and Microposit Remover
1165. Sun Chemical Corporation (Parsippany, NJ, USA): Dielectric paste. Fisher Scientific UK Ltd.
(Loughborough, Leicestershire, UK): Phosphate buffered saline (PBS) containing 0.01 M phosphate,
0.0027 M KCl, and 0.137 M NaCl, pH 7.4. Metrohm UK Ltd. (Runcorn, Cheshire, UK): Dropsense
Graphene modified screen-printed electrodes. Sigma Aldrich Company Ltd. (Gillingham, Dorset,
UK): 1,5-diaminonaphthalene, Bovine Serum Albumin (BSA) and all other reagents (analytical grade).
Hytest Ltd. (Turku, Finland Proper, Finland): Monoclonal anti-HBsAg (IgG).

2.2. Methods

2.2.1. Graphene Device Manufacture

The graphene resistor devices used in this work were fabricated using CVD (chemical vapor
deposited) graphene, transferred on to SiO2/Si wafers. Devices were manufactured and passivated
according to methods outlined in our previous work [5].

2.2.2. Functionalization of Graphene

DAN functionalization: 10 mM DAN solution diluted in 70% ethanol was drop-cast onto the
graphene devices (20 μL) and incubated at room temperature (RT) for 2 h. The droplet was topped up
during the 2 h incubation to avoid evaporation and drying out of the solution which could affect the
results. Devices were subsequently washed in ethanol, followed by DI (de-ionized) water and gently
dried with N2.

Antibody attachment: Solution prepared as follows: final concentration of antibody (monoclonal
IgG model system antibody) = 0.1 mg/mL: 1.4 μL Neat Ab + 6 μL EDC (100 mM) + 15 μL NHS (100
mM) + 77.6 μL PBS (Order of addition: PBS >Ab > EDC + 5 min >NHS + 10 min). Activated antibody
+ EDC/NHS solution (15 μL) was drop-cast onto the DAN functionalized graphene devices and left to
incubate at RT for 2 h (intermittent agitation throughout). Devices were washed with 1 × PBS (pH 7.4),
followed by DI water and gently dried with N2.
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Blocker attachment: 1% BSA blocker diluted in 1 × PBS (pH 7.4), drop-cast onto the Ab/EDC-NHS/
DAN functionalized graphene devices, and was incubated for 30 min at RT. Devices were washed with
1 × PBS (pH 7.4), followed by DI water and gently dried with N2.

2.2.3. Electrical Measurements

Real-time resistance measurements: chips consisting of three CVD graphene resistor devices
on a SiO2/Si substrate were used for real-time resistance measurements. One graphene resistor was
measured at a time using a standard lock-in technique under ambient conditions (temperature 20 ◦C,
normal atmospheric pressure). In a current-fixed regime, currents of 0.1 or 1.0 μA were passed through
the resistor devices. In a voltage-fixed regime, fixed voltages of 0.1 or 4 mV were applied across the
graphene resistor device. Obtained resistance values were insensitive to the measurement regime used.
Typical device resistance linearity over a 0.5 μA–5 μA current range is shown in Figure S6.

3. Results and Discussion

3.1. Cyclic Voltammetry

Surface modification steps were monitored using cyclic voltammetry, using an Autolab PGSTAT302N
potentiostat (Metrohm, Runcorn, Cheshire, UK), [30,31] (Figure 1a) in 5 mM [Fe(CN)6]−3/−4 in 1 × PBS
(pH 7.4), at a scan rate of 50 mV/s. An increase in peak current is observed after DAN functionalization
(Figure 1a). This synergistic effect has been observed in several studies involving pDAN films on
carbon surfaces [25,32]. The mechanisms for this are still not fully understood [29] but have been
attributed in literature to the high specific surface area, electrical conductivity, easier electron transfer,
which can be attributed to favorable electrostatic interactions between the negatively charged redox
probe and the positively charged amine groups [33], and π-π interactions between the pDAN layer and
the graphene surface [32,34]. Drop-cast monomeric DAN, therefore, shows a similar synergistic effect
of increased peak current when used as a functionalization layer on carbon surfaces, to that seen with
pDAN functionalization layers. The surface area of the electrodes was calculated using Randle-Sevcik
Equation [35]. The area of the blank electrode was found to be 0.059 cm2, and for the DAN modified
electrode, the surface area was 0.097 cm2.

Figure 1. (a) Cyclic voltammograms (CVs) of a graphene screen-printed electrode before and after
surface modification with 1,5-diaminonaphthalene (DAN): unmodified graphene (black) and DAN
modified (red). CVs were carried out in [Fe(CN)6]−3/[Fe(CN)6]−4 in 1 × PBS (pH 7.4), at a scan rate
of 50 mV/s and a potential window of −0.6–0.6 V; (b) structure of DAN; (c) illustration of DAN on
graphene resistor devices; (d) Schematic of graphene resistor chips.
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To ensure that the measured peak current changes were due to the presence of DAN on the
graphene surface and not due to solvent interference, a control sample was measured using ethanol
only in the place of DAN (using the same drop-cast method). A cyclic voltammogram for the ethanol
only control can be seen in Figure S1, no significant increase in peak current is observed, confirming
therefore that changes in peak currents are not due to solvent effects on the graphene surface and thus
suggesting that DAN is present on the graphene surface and actively involved in the electron transfer
process. The presence of amine groups on a carbon surface after drop-cast DAN modification was
investigated using fluorescent microscopy and the resultant images can be found in Figure S4.

3.2. Surface Characterization-Raman Spectroscopy

Raman spectroscopy was used to monitor the effects of surface modification of monolayer
graphene with drop-cast DAN. Extended Raman scans were taken using a Renishaw inVia Raman
system (Renishaw, Wotton-under-Edge, Gloucestershire, UK) with a 532 nm laser. Before surface
modification, typical Raman spectra of graphene devices were obtained. Representative point spectra
are shown in Figure 2a. Following surface modification with DAN (described in Section 2.2.2),
changes in the Raman spectra were consistent with the addition of a small aromatic molecule to the
surface of graphene (Figure 2a). The defect-related “D” peak of graphene at ~1350 cm−1 can vary
across the surface of the graphene device before modification, however, its intensity ratio to the G
peak (ID/IG) is generally seen to increase after modification with DAN (i.e., from ~0.1 to ~0.2). The full
width half maximum (FWHM) of the “D” peak broadens from ~34 cm−1 to ~190 cm−1 after surface
modification. This broadening of the peak suggests that it contains a component from the C-N band at
1247 cm−1, from the DAN, as further evidenced by its asymmetric shape. The intensity ratio of the
“2D” peak (~2678 cm−1) to the G peak changes dramatically following DAN modification, from I2D/IG
~2.5 for unmodified graphene to ~0.3 following modification. This change in peak ratio is consistent
with the addition of aromatic carbon-containing molecules to monolayer graphene surfaces [36,37].

Figure 2. (a) Raman spectra for an unmodified graphene device (black curve) and a graphene device
functionalized with DAN (red curve); (b) Scatter plot marking G and 2D positions from an unmodified
graphene device (white circles), and after modification with DAN (red squares).

The positions of the G and 2D peaks can be used to indicate doping and strain in graphene.
Raman spectra were obtained, centered at 1600 cm−1 and 2600 cm−1, in a grid pattern. Peak analysis
based on previous reports [36,38,39] was performed using custom scripts. Graphene on SiO2 is typically
p-doped [40], under ambient conditions, this is in contrast to high vacuum, where the graphene (on
SiO2) might be intrinsic or n-doped [41]. A shift in the direction of the arrow in Figure 2b indicates
electron donation from DAN [36]. Before modification, the position of the 2D/G peaks are consistent
with the p-doping arising from the SiO2 substrate, Figure 2b, (white circles), compared with values
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reported in the literature (plotted guidelines from literature values—solid line—charge screening,
dashed line-doping). After surface modification, the resulting points (Figure 2b, red squares) are
consistent with a shift towards the charge neutrality point—following surface modification with
DAN, which partially neutralizes the p-doping effect of the substrate [42]. No statistically significant
indication of the underlying graphene undergoing strain was measured, consistent with a conformal
coating of the DAN layer on the graphene substrate with no evidence of unwanted mechanical effects.
It should be noted that the resultant graphene + DAN spectra also contain peak components from
both the graphene substrate and the attached DAN molecules, which may complicate the analysis and
preclude this method from providing an accurate estimate of the doping levels in graphene, which is
therefore presented as an overall trend.

3.3. Surface Characterization—X-ray Photoelectron Spectroscopy (XPS)

Functionalization with amine moieties should further allow for attachment of receptor molecules
in affinity biosensors, e.g., antibody molecules. To that end, non-covalent functionalization of graphene
with drop-cast DAN has been used for attachment of an antibody (monoclonal IgG model system
antibody), providing evidence of its viability as a functional layer. X-ray photoelectron spectroscopy
(XPS) measurements were performed, on unmodified graphene (before surface modification with DAN
(blank graphene)) on SiO2/Si substrates, graphene with surface modification (DAN) and graphene
with surface modification followed by attachment of an antibody (DAN + Ab), using a Kratos Axis
Supra XPS system (Kratos Analytical, Wharfside, Manchester, UK) using an Al Kα monochromatic
X-ray source with an emission current of 15 mA at 20 eV pass energy. A minimum of three scan
locations per sample were used to ensure the spectra were representative of the surface. Figure 3a
shows survey spectra comparing the O 1s, N 1s, C 1s and Si 2s/2p peaks. The unmodified/blank sample
shows the expected C 1s and Si peaks associated with the graphene and substrate, along with an O 1s
signal containing contributions from the thermal SiO2 layer along with organic contaminants on the
graphene surface (C-O/C=O) [43]. Following the deposition of DAN, the appearance of an N 1s signal
is seen (Figure 3a, circled) at a binding energy of around 400 eV (C-NH2), corresponding to an atomic
concentration of approximately 2.2%. Following the application of the antibody (and after standard
wash steps), a further increase in the N 1s signal is evident (10.9 at. %), along with an attenuation
of the Si 2s/2p and O 1s substrate signals, consistent with surface antibody coverage. The atomic
concentrations for the samples are summarized in Table 1.

Table 1. Atomic concentrations derived from O 1s, N 1s, C 1s and Si 2p regions obtained via XPS of
successive antibody functionalization steps.

Sample O 1s N 1s C 1s Si 2p

Blank Graphene 36.0 ± 0.4% – 45.6 ± 1.1% 18.4 ± 1.5%

DAN 30.9 ± 1.9% 2.2 ± 0.1% 52.3 ± 3.7% 14.5 ± 1.8%

DAN + Ab 20.4 ± 0.1% 10.9 ± 0.1% 62.8 ± 0.1% 5.9 ± 0.1%

The normalized C 1s core-level signal following background subtraction is shown in Figure 3b
for the blank graphene, DAN and DAN + Ab samples. A relative increase in the C 1s signal around
285.6–285.9 eV (C-N contribution from the amine moiety) [44] and/or broadening of the sp2/sp3 C-C
contribution above the predominantly sp2 graphene blank (Figure 3b) is consistent with attachment of
the DAN molecule. Although little variation in C 1s intensity between samples is seen in the survey
spectra, Figure 3c reveals a change in the components comprising the C 1s signal, with a significant
relative increase in components commonly associated with C-O/C-N and C=O, as expected following
attachment of the antibody and screening of the sp2 C-C signal, therefore indicating that drop-cast DAN
introduces amine moieties to the graphene surface which subsequently allowed for the attachment of
antibody receptors, showing the viability of drop-cast DAN as an amine functionalization method.
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Standard biosensor process incubation and wash steps were carried out with the results indicating
that both the DAN and the subsequent attached antibody were still present on the graphene surface,
demonstrating the functionalization was robust to standard biosensor processing steps.

Figure 3. XPS spectra of successively functionalized graphene on SiO2: (a) Survey spectra showing the
appearance of N 1s signal following surface modification with DAN and screening of Si substrate signal;
(b) comparison of normalized C 1s peak for blank graphene and DAN modified samples showing
broadening of C-C component/increase in the region associated with C-N components; (c) a significant
change in the shape of normalized C 1s signal following attachment of antibody.

3.4. Electrical Measurements

While graphene’s high sensitivity to environmental changes and surface modifications are
extremely desirable in biosensing applications, these qualities also mean it is highly sensitive to entities
other than the target analyte, e.g., buffer solutions, water or other solvents [5]. Figure 4a shows real-time
monitoring of resistance changes of unmodified graphene in the presence of DI water and ethanol (used
for dilution during drop-cast DAN functionalization), run as a control experiment to show the reaction
of the graphene to the solvent components. The relaxation curve of the graphene washed with DI water,
and allowed to dry and relax over-night, shows a relaxation time of approximately 4 h, a relaxation
time is usual for real-time measurement of graphene that has been exposed to solution and is left to
relax under ambient conditions. The relaxation may be associated with charge redistribution between
charges related to surface absorbates on the graphene and those related to the SiO2/Si substrate [5,44].
It is therefore essential when determining resistance changes due to surface functionalization, to allow
full relaxation to occur, before observing the final resistance change. An image of a passivated chip in
the Biovici “sensor-Connect” connector (Biovici Ltd., Swansea, City and County of Swansea, UK) can
be found in Figure S5.

Real-time resistance data, Figure 4b, shows an increase in resistance when DAN (in 70% ethanol)
is placed on the graphene device surface. A 2 h incubation was used; however, it can be seen from
the real-time results that saturation occurred after approximately 1 h. Spikes in resistance are visible
during the 2 h DAN incubation, these are due to topping up of the solution to prevent evaporation
and drying out of the sample. After washing (wash 1 = ethanol, followed by DI water and gentle
drying with N2), relaxation occurred over 5.5 h, this relaxation time occurs after any exposure of
the graphene to solution and it is not a DAN specific effect. Long relaxation times occur with
solution on bare graphene, e.g., Figure 4a and after functionalization using solutions and wash steps,
e.g., Figure 4b–d. These relaxation times also occur when graphene is functionalized by other methods,
e.g., oligonucleotides and AuNPs [5]. The final resistance (after relaxation) is higher (an increase
of 18%) than the bare (dry intrinsic) graphene resistance, indicating DAN is present on the surface
(further device repeats can be found in the Supplementary Information Figure S2). This increase in
resistance can be attributed to the shift toward the charge neutrality point of the graphene by DAN,
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consistent with the Raman results in Section 3.2. DAN is an electron-donating molecule, resulting in
electron donation to graphene, which partially neutralizes the p-doping from SiO2/Si substrates [45,46]
and therefore an increase in final resistance after DAN modification is consistent with this.

Figure 4. Real-time resistance measurements of the graphene functionalization process. Where ΔR =
RDevice − R0, and R0 is the intrinsic device resistance. (a) Control experiment: Washed with DI water,
left over-night, followed by the addition of 20 μL of 70% ethanol. (b) 2 h DAN incubation at RT, signal
spikes due to topping up of the droplet to avoid evaporation of the DAN during incubation, followed
by wash 1 (wash 1 =wash with ethanol, followed by DI water and gently dried with N2). (c) and (d)
DAN incubation followed by wash 1, subsequent bio-functionalization stages (antibody and blocker
incubations), followed by wash 2 (wash 2 = wash with 1 × PBS (pH 7.4), followed by DI water and
gently dried with N2).

Figure 4c shows real-time resistance data for each surface modification stage. An increase in
resistance is again seen during DAN functionalization, followed by relaxation (after wash 1), this time
with a final resistance increase of 29% compared to dry intrinsic graphene resistance. Again, it is
important to investigate the ability of the drop-cast DAN to provide amine moieties for further
bio-functionalization with bioreceptors such as antibody molecules. The DAN functionalized graphene
resistor devices were further modified via carbodiimide crosslinking of the amine groups of the
DAN on the graphene surface with the carboxyl groups of the antibody molecules via EDC/NHS.
Subsequent increases in resistance followed by relaxation (after wash 2 (wash 2 = 1 × PBS, followed by
DI water and gentle drying with N2)) steps are also shown in Figure 4c,d for the antibody and blocker
stages respectively (repeats can be found in the Supplementary Information Figure S3), a blocker
is required to reduce non-specific binding and/or interaction of molecules with the sensor surface
especially when testing in complex matrices such as plasma or serum. The final resistance increase,
after antibody attachment and following the wash steps involved in the crosslinking/attachment
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processes, demonstrates a suitable and robust non-covalent amine functionalization method using
drop-cast DAN, towards affinity biosensor development.

As there is a resistance change after surface modification (as shown in Figure 4), it is important
to ascertain that these changes are in fact due to attachment of the desired DAN functionalization
molecule and not due to solvent effects. I–V (current-voltage linear sweep) measurements of ethanol
only on graphene resistor devices were carried out to show the effect of ethanol on the resistance of
the graphene device. Graphene resistor devices were incubated with either 10 mM DAN solution or
ethanol only solution for 2 h before being washed (wash 1) and gently dried with N2. The I–V linear
sweep measurements were therefore performed on dry samples. The ΔR/R0 for DAN functionalized
resistor devices was + 0.078 ± 0.039 (SD of N = 13), and the ΔR/R0 for the ethanol only control resistor
devices was −0.069 ± 0.043 (SD of N = 13), individual measurements can be found in Supplementary
Table S1. Ethanol has a slight p-type doping effect on graphene on SiO2 substrates [47], this p-doping
effect can be attributed to structural re-arrangement during immersion or trace amounts of ethanol or
impurities left on the surface after drying [48]. Increases in final resistance after functionalization can,
therefore, be an indication of DAN attachment to a graphene surface (on SiO2/Si substrates). DAN is
diluted in 70% ethanol, which has a slight p-doping effect; however, the final resistances increased
above bare graphene (dry intrinsic resistance), meaning these changes in resistance are due to the likely
electron donation from DAN and not due to solvent effects.

Variation in the final ΔR/R0 after DAN modification was observed in the electrical measurements.
A possible reason for this could be attributed to levels of graphene contamination. Multiple sources
of contamination can be present on a graphene device (surface) which could affect device-to-device
performance issues. Amorphous carbon made and deposited on the graphene during the growth
process (CVD), residues left by fabrication chemicals or residual polymer left behind from the graphene
transfer process [49] can all add contamination cumulatively throughout manufacture. Device-to-device
variations in graphene devices is an ongoing field-wide issue for biosensor development [50]. Causes can
be both intrinsic, e.g., grain boundaries in CVD grown graphene and extrinsic, e.g., including polymer
and resist residues [51]. The presence of resist contamination can affect the functionalization of the
graphene with a desired functional molecule, leading to incomplete/patchy and varying coverage,
adding to extrinsic device-to-device variation. Certain types of resist contain π-conjugated aromatic
molecules and as a result, bind to the graphene surface via π-π stacking interactions. These components
can include novolac resin, diazonapthoquinone (DNQ) and cresol [52] and can affect the amount
of desired functionalization molecules able to attach to the graphene surface. This is a likely cause
of the variation seen in the ΔR/R0 of DAN functionalized graphene resistor devices. Whether the
contaminants e.g., aromatic resist components, are electron acceptors or donors can affect doping of the
graphene, and as the level of contamination varies with each manufacturing step, the level of doping
will, therefore, show variation between batches but also between devices in the same batch.

3.5. Investigation of Wash Steps

Exposure of the functionalization layer to multiple solvents is inevitable during affinity biosensor
development, it is, therefore, essential to check the ability of the drop-cast DAN to withstand these
multiple solvent exposures. The strength of the π-π stacking between the graphene surface and
the aromatic molecules of the functionalization layer e.g., DAN can make the surface stacking quite
stable against rinsing or other solution processing [53]. An investigation was carried out using XPS
and Raman to determine the robustness of π-π stacked DAN (drop-cast) attachment to graphene
against sequential wash steps that may be necessary for subsequent bio-functionalization steps of
biosensor fabrication.

The wash step investigation consisted of an initial ethanol wash to remove residual DAN from
the surface (carried out for all samples), followed by 1, 2, or 3 DI water washes, to simulate further
standard biosensor process steps. XPS analysis indicates that the DAN layer is not affected or removed
by sequential wash steps. This is shown in Table 2, where the atomic concentration of nitrogen,
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as calculated from the N 1s region at 400 eV, remains consistent between each of the different sequential
wash steps and therefore indicates that the amine groups of the DAN molecules are still present on
the graphene surface. The concentration of oxygen and carbon show more variation compared to the
nitrogen, this may be partly due to surface contaminants or defects that are present on the graphene
surface and is unlikely to be directly correlated with the DAN attachment [54].

Table 2. The Atomic concentration of oxygen (O 1s), nitrogen (N 1s) and carbon (C 1s) via XPS for DAN
modified graphene samples after multiple wash steps.

Sample Element Binding Energy Position (eV) Atomic Concentration (%)

Blank Graphene (Gr)

O 1s 532.22 61.83 ± 0.32

N 1s N/A N/A

C 1s 284.02 38.17 ± 0.32

Gr + EtOH Wash Only

O 1s 532.10 50.94 ± 0.35

N 1s 399.30 2.56 ± 0.18

C 1s 284.03 46.50 ± 0.36

Gr + EtOH Wash + 1 DI Water Wash

O 1s 531.90 48.60 ± 0.33

N 1s 398.70 2.59 ± 0.15

C 1s 284.00 48.81 ± 0.34

Gr + EtOH Wash + 2 DI Water Wash

O 1s 532.00 46.04 ± 0.34

N 1s 399.30 2.69 ± 0.14

C 1s 283.98 51.27 ± 0.35

Gr + EtOH Wash + 3 DI Water Wash

O 1s 531.90 46.52 ± 0.34

N 1s 399.20 2.60 ± 0.17

C 1s 283.99 50.88 ± 0.35

After peak fitting, several additional peaks were found in the unmodified graphene sample at
~284.76, ~285.67, and ~286.27 eV, Figure 5a, corresponding to sp3 carbon, C-O and C=O bonds [43].
These bonds can appear due to defects in the graphene structure and trace PMMA (Polymethyl
methacrylate) contaminants on the graphene surface, from the transfer of the graphene from its copper
catalyst to the SiO2/Si substrate [53,55]. After surface modification with DAN, additional peaks appear
at ~285.7 eV and ~287.2 eV respectively. These correspond to the C-N and C=N bonds which are in
agreement with published literature [28,56]. Following the sequential wash steps, no changes in the
C-N and C=N bond concentrations are observed in the carbon spectra, further supporting that the
DAN layer is unaffected by the wash procedures. Figure 5b shows the nitrogen spectra with two peaks
present after surface modification, at ~399.1 eV and ~401.45 eV, these peaks are associated with C-N
and C-N + bonds, respectively [54,57].

Raman spectra were also obtained following subsequent wash steps. Figure 5c shows the D-peak
intensity for unmodified samples with a significant increase after surface modification with DAN
observed. After surface modification and the initial ethanol wash, the D-peak, G-peak, and 2D-peak
shift to 1351 cm−1, 1598 cm−1, and 2692 cm−1, respectively. After each successive DI water wash,
the peaks red shift slightly until, after 3 DI water washes, the D-peak, G-peak, and 2D-peaks reach
1358 cm−1, 1603 cm−1, and 2700 cm−1, respectively. These shifts are consistent with graphene being
p-doped with water [58]. Regardless of the number of wash steps, the intensity ratios between the
D-peaks and G-peaks (ID/IG), at ~1350 cm−1 and 1580 cm−1 respectively, are consistently around 0.2.
Also, the I2D/IG ratio decreases from approximately 2 to approximately 0.55 for the modified samples,
which is consistent for all wash steps. Both XPS and Raman results from subsequent wash steps of
drop-cast DAN modified graphene demonstrate that the functionalized surface is robust for use in a
biosensor process sequence after multiple solvent exposures.
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Figure 5. XPS characterization of CVD graphene before and after DAN functionalization with (a)
C 1s and (b) N 1s XPS spectra. (c) Raman spectroscopy of CVD graphene before and after DAN
functionalization. All samples modified with DAN and the following wash procedures applied,
black = ethanol wash only, red = ethanol wash followed by 1 DI water wash, green = ethanol wash
followed by 2 sequential DI water washes, blue = ethanol wash followed by 3 sequential water washes.

4. Conclusions

Drop-cast DAN as a robust and facile method to amine functionalize carbon surfaces has
been demonstrated. The addition of a functional layer containing amine groups allows for
further bio-functionalization with specific receptors, using common crosslinking chemistries such as
carbodiimide EDC-NHS, for the development of affinity biosensors. Real-time resistance measurements,
cyclic voltammetry, XPS, and Raman analysis showed successful modification of graphene surfaces
with DAN. As the purpose of surface modification with DAN was to provide amine moieties for further
bio-functionalization with receptor molecules, the successful attachment of an antibody molecule was
also confirmed, further demonstrating the viability of drop-cast DAN as a surface functionalization
strategy. The robustness of the DAN and subsequently crosslinked antibody to withstand multiple
washes was also demonstrated, with the presence of the DAN layer and successful antibody attachment
confirmed via XPS, Raman spectroscopy, cyclic voltammetry, and real-time resistance measurements.
The viability of drop-cast DAN as a surface functionalization method, providing available amine
moieties was demonstrated with the resultant attachment shown to withstand multiple wash steps,
therefore, providing a quick and simple route to prototype for biosensor development.
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Figure S1: Cyclic Voltammograms of bare, DAN functionalized and ethanol control. Figure S2: Real-time
functionalization results, Figure S3: Real-time functionalization process stages. Figure S4: Fluorescent microscopy
images. Figure S5: Image of a passivated chip in the Biovici “sensor-Connect” connector, Figure S6: Typical
channel resistance linearity over the 0.5 μA–5 μA current range, Table S1: ΔR/R0 for graphene devices immersed
in ethanol or DAN.
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Abstract: The reasonable design pattern of flexible pressure sensors with excellent performance
and prominent features including high sensitivity and a relatively wide workable linear range
has attracted significant attention owing to their potential application in the advanced wearable
electronics and artificial intelligence fields. Herein, nano carbon black from kerosene soot, an
atmospheric pollutant generated during the insufficient burning of hydrocarbon fuels, was utilized
as the conductive material with a bottom interdigitated textile electrode screen printed using silver
paste to construct a piezoresistive pressure sensor with prominent performance. Owing to the distinct
loose porous structure, the lumpy surface roughness of the fabric electrodes, and the softness of
polydimethylsiloxane, the piezoresistive pressure sensor exhibited superior detection performance,
including high sensitivity (31.63 kPa−1 within the range of 0–2 kPa), a relatively large feasible range
(0–15 kPa), a low detection limit (2.26 pa), and a rapid response time (15 ms). Thus, these sensors act as
outstanding candidates for detecting the human physiological signal and large-scale limb movement,
showing their broad range of application prospects in the advanced wearable electronics field.

Keywords: nano carbon black; polydimethylsiloxane; pressure sensors; wearable electronics

1. Introduction

Electronics with flexible, extensible, and wearable traits have recently attracted significant
research interests for a broad range of applications, including electronic skins [1,2], health-monitoring
devices [3–6], flexible displays, and energy-harvesting devices [7]. Wearable pressure sensors [8,9],
as a significant sub-area of wearable electronics, should have stable mechanical compliance. They
should be able to comply with natural motions to monitor personal activities and human health
effectively. For practical applications, pressure sensors should have ultra-high sensitivity, be quite
flexible, and be relatively stable. So far, four types of pressure sensors including piezoresistive [10–16],
capacitive [17–19], piezoelectric [20–22], and triboelectric [23] have been reported. In particular,
piezoresistive pressure sensors are extensively used, ascribed to their simple and facile fabrication
process, superior sensitivity, and excellent response mechanism. By converting subtle mechanical
deformation into the variation in resistance of the briskly conducting materials, piezoresistive sensors
can easily detect various mechanical deformation loadings. Nonetheless, a majority of the reported
sensors may not simultaneously achieve pressure sensing ability with excellent sensitivity and a wide
workable range, which restrict their practical applications. Therefore, it is extraordinarily desired to
investigate multifunctional sensing platforms with both ultra-high sensitivity and a wide workable
pressure range through a cost-effective and simple fabrication process.
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In general, flexible piezoresistive-type sensors consist of the following two dominating
components: flexible substrates and compatible conductive and active layers. In practical applications,
polydimethylsiloxane (PDMS) [24,25] films are extensively used as the flexible substrates to assemble
with compatible material. The choice of the conductive layer plays a dominant role. So far,
a large variety of materials including carbon nanotubes [26], graphene [27–29], metal material
nanoparticles/nanowires (for example, AgNPs and AgNWs) [30,31], and environmentally-friendly
organic conductive polymer [32,33] have been utilized in piezoresistive-type sensors. Carbon-based
materials from unprocessed materials have received far-ranging interest due to their prominent electrical
conductivity, cost effectiveness, and large-scale production capability. Furthermore, carbonized silk,
cotton [34], corncobs, and mushrooms have been constructed as sensing components for wearable
strain sensors. The carbonation process usually takes place at a high temperature in an atmosphere of
mixed argon and hydrogen in a tubular furnace.

As a traditional sensing material, carbon black possesses the advantages of low cost, easy
production, natural abundance, and favorable conductivity and has been widely used as a building
phase for the construction of conductive polymer composites [35–38]. With an appropriate proportion
of carbon black, these composites possess flexibility and piezoresistivity, making them suitable sensing
materials for flexible strain sensors. The mechanism of electrical conduction in these composites is the
formation of a continuous network of conductive carbon black throughout the insulating polymer
matrix. The level of electrical conductivity in these heterogeneous materials depends primarily on
the concentration and geometry of the carbon black filler. However, for these conventional carbon
black fillers, a rather high loading is required to achieve satisfactory electrical properties, resulting in
material redundancy and detrimental mechanical and sensing properties [39–42].

In this study, a novel nano carbon black (NCB) ultra-thin coating on PDMS was employed as
the sensing materials for wearable pressure sensors. The NCB coating was deposited by collecting
kerosene soot on the surface of a glass base and then transferred to a flexible PDMS substrate. Kerosene
soot is an atmospheric pollutant generated during the insufficient burning of hydrocarbon fuels. The
NCB particles in the ultra-thin coating were connected with each other to form a continuous network,
effectively avoiding deterioration of the mechanical properties of the PDMS to which higher filler
concentrations may lead [36,39]. The conductivity of this obtained ultra-thin NCB coating was higher
than those of polymer composites filled with carbon black [39–42]. Flexible pressure sensors were
constructed with an upper bridge of NCB-coated PDMS and a bottom interdigitated textile electrode
screen printed with silver (Ag) paste. Owing to the high conductivity of the NCB coating, the large
surface roughness of the fabric electrodes, and the softness of PDMS substrate, the piezoresistive
pressure sensor prepared herein exhibited excellent performance, including ultra-high sensitivity
(31.63 kPa−1 within the range of 0–2 kPa), a large feasible pressure range (0–15 kPa), a low detection limit
(2.26 pa), and a rapid response (15 ms), which are among the best outcomes for wearable electronics.
On account of these outstanding detection properties, these electronic sensors were able to detect wrist
pulse and carotid pulse signals. The concept paves a novel way for the cost-effective, lightweight, and
simple fabrication of wearable electronics.

2. Results and Discussion

2.1. Fabrication of the Nano Carbon Black-Based Sensor

Figure 1 presents a schematic illustration of the fabrication process of the NCB-based sensor. A
piece of glass was rinsed with acetone and deionized water. NCB was coated on the surface of the
glass by collecting the soot from a burning kerosene lamp. PDMS was deposited on the surface of the
carbon black as a uniform film by the drop casting method followed by solidification in an oven at
70 ◦C for 4 h. After removal from the glass sheet, a conductive black carbon film based on PDMS was
obtained with a typical resistance of 2.03 kΩ sq−1.
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Figure 1. Schematic illustration of the fabrication process and device structure of the nano carbon black
(NCB)-coated piezoresistive-based sensor and its digital photograph.

The flexible bottom electrodes were fabricated on fabric by screen printing technology (Figure 1).
After scraping, the Ag paste traversed the designed screen mesh and then was printed on the fabric
substrate. After exsiccation at 80 ◦C for 20 min, Ag electrodes with an interdigitated configuration
and an ultra-high conductivity (the sheet resistivity was approximately 0.37 Ω sq−1) were coated
on the fabric substrate. Further, a slice of NCB-coated PDMS was used to cover the upper surface
of the Ag-coated electrodes, and then, a thin layer of VHB tape was used to encapsulate it, while
maintaining mechanical rebound resilience properties. The devices obtained by the above-mentioned
fabrication process were flexible owing to the elastic nature of PDMS and fabric. Moreover, screen
printing (roll-to-roll) is compatible with industrial processes, which is also suitable for a cost-effective,
simple, and large-scale synthesis approach.

2.2. Morphological Characteristics of Nano Carbon Black and Silver Electrodes

Furthermore, the composition of the NCB coating was analyzed. Figure 2a exhibits transmission
electron microscopy (TEM) images of NCB, elucidating that NCB was composed of spherical
nanoparticles with a particle size ranging from 20 to 50 nm. The higher magnification in the
illustration shows that carbon nanospheres were joined by weak intermolecular interactions [43,44].
Moreover, Figure 2b depicts that several crystalline carbon nanospheres together with amorphous
carbon were clearly recognized in the NCB as further confirmed by selected area electron diffraction
(SAED) imaging. The SAED pattern showed that a distorted lattice fringe belonged to the (002) plane
diffraction ring of hexagonal graphite [45,46].

Elemental analysis of the soot from the kerosene lamp observed by X-ray photoelectron
spectroscopy (XPS) more deeply exposed the contents of C and O to be 90.54% and 9.46%, respectively.
The outcomes elucidated that the acquired NCB did not include other elements rooted in organic
contaminates. Figure 2c shows that the C 1s spectrum of the NCB was fitted with three correlated
peaks at 284.4 eV (attributed to sp2 hybridized C=C), 285.5 eV (attributed to sp3 hybridized C–C), and
286.7 eV (attributed to sp3 hybridized C–O), elucidating a comparatively high degree of graphitization.
This result was further confirmed by Raman spectroscopy. Figure 2c depicts the existence of a
D band associated with the amorphous carbon at 1350 cm−1 and a G band at 1587 cm−1 closely
connected with the E2g mode of crystalline carbon due to the vibration of sp2-bonded carbon atoms in
a two-dimensional (2D) hexagonal lattice. The existence of the G band manifested that the NCB was
composed of highly ordered pyrolytic graphite [47].
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Figure 2. (a) TEM image of NCB and its higher magnification (inset). (b) High-resolution TEM image
of the NCB and its SAED pattern (inset). (c) XPS spectrum showing the O 1s and C 1s peaks of the NCB.
The inset in the panel shows the deconvolution of the C 1s XPS peak. (d) Raman spectrum of NCB.

Figure 3a shows the SEM image of the NCB-coated PDMS, exhibiting a very smooth surface with
only a few scattered particles. A digital photograph of the NCB-coated PDMS is also shown in the inset
of Figure 3a. A cross-sectional SEM image (Figure 3b) of PDMS covered with NCB showed that the
thickness of the NCB layer was about 10 μm. At a higher magnification, the fluffy uniform structure of
NCB wrapped around the surface of the PDMS was observed, as shown in Figure 3c.

Figure 3d demonstrates that by employing the screen printing technology, a clear insulation gap
with a minimum gap size of only 430 μm between two adjoining Ag electrodes could be easily obtained,
while maintaining the inherent weave characteristics of the original fabric. The inset in Figure 3d
shows a digital photograph of the Ag electrodes printed on cotton. The SEM image (Figure 3e) shows
that each individual fiber was wrapped with a tight Ag layer. Owing to the porous structure of the
fabric, the Ag paste was able to penetrate the surface of the inner fiber. The detection performance of
the pressure sensor depended on its microstructure. The decorated Ag fabric exhibited a multi-line
interwoven microstructure that created more conductive loops when pressure was applied. The
high-magnification SEM image indicated that the Ag paste was tightly wound around the surface of
the fiber (Figure 3f), and the accumulated morphology further led to the increase in the roughness [48].

108



Nanomaterials 2020, 10, 664

 

Figure 3. Morphological features of the NCB-coated PDMS surface. (a) A plane view of the SEM
image of NCB-coated PDMS and its digital inset photograph. (b,c) Cross-sectional SEM images of the
edge portion of NCB-coated PDMS under different magnifications. (d) SEM image of screen printed
electrodes and the inset showing its digital photograph. (e,f) SEM image of the Ag electrode screen
printed on textile under different magnifications. (g) 3D morphology of the Ag electrode-coated fabric.
(h) The probability distribution of the surface heights.

Moreover, for Ag paste-coated conductors with a non-uniform height distribution, the nonwoven
fabric substrate exhibited 3D confocal imaging results in the range of 150–250 μm (Figure 3g). The
probability distribution of the electrode surface height (Figure 3h) indicated that the surface height was
stochastic and comparatively close to a Gaussian distribution centered at 200 μm. Such a randomly
distributed surface of the electrode was beneficial for the linear increase of the device.

In the absence of pressure, there were only a few contact points between the conductive NCB and
the Ag electrode. When appropriate external pressure was applied, the surface of the NCB-coated
PDMS became deformed, and the common contact area and immediate current transmission path
between these NCB-coated PDMS and the Ag fabric electrode underwent a sudden increase [49].

2.3. Electromechanical Performance of the Nano Carbon Black Pressure Sensor

Owing to the recoverable deformation of the NCB-coated PDMS within a certain range, the tensile
strength of the NCB-coated PDMS was measured to explore its tensile properties. The red curve in
Figure 4a depicts the stress and relative resistance change function. The blue curve is a function of the
stress-induced range of variation from 0 to 50%. When the stress reached 40 kPa, both curves showed
the existence of obvious inflexion points, which proved that the NCB-coated PDMS was destroyed
when the deformation variable reached about 53%. The change was relatively proportional to the
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applied strain force in the range of 0–50%; the linearity was very high; and the GF was as high as 20.97
in the range of 5–35% deformation. GF is defined as GF = R − R0/Rλ, where λ is the strain and R0

denotes the initial electrical resistance without applied strain. Within such a large deformation range,
the obtained value of GF = 20.97 (Figure S1) based on all carbon black was better than the traditional
metal strain gauge (GF = 2, λ < 5%). Although previously reported polyimide strain sensors also
reached fairly high values of GF, they were usually limited to very low stretch (λ < 5%), thus restricting
their application to human motion monitoring.

Figure 4. Basic electromechanical sensing performance: (a) Relative change in resistance and strain
when the NCB-coated PDMS is pulled up and inset image of its measuring equipment. (b) Relative
change in the current of the pressure sensing when the pressure increases from 0 to 15 kPa and inset
image of its measuring equipment. (c) I–V curves under different pressures. (d) The circulation testing
of the NCB sensor with applied pressure of 15 kPa. (e) Response/release time of the NCB sensor under
the pressure of 20 Pa. (f) The loading and shift of a leaf on the NCB sensor response to current; the
corresponding applied pressure is merely 2.26 Pa.

The SourceMeter (Keithley 2400, Beaverton, OR, USA) was used to investigate the electrical
properties of pressure sensing capacity with NCB as the active layer and a PDMS substrate. Figure 4b
and Figure S2 exhibit a monotonic increase in relative resistance change observed under a pressure
range of 0 to 15 kPa. Noteworthy is that the sensitivity (δ(ΔI/I0)/δP, where ΔI denotes the relative
variation of current, I0 represents the initial current without applied pressure, and δP is the change in
applied pressure) based on NCB showed superior performance compared to the recently reported
pressure sensors. Herein, the performance of the NCB sensor was explored under different pressures.
Figure 4b shows three relatively linear parts: 0–2, 2–5, and 5–15 kPa, with S values of 31.63, 5.04,
and 1.52 kPa−1, respectively, indicating both ultra-high sensitivity and a wide workable range. The
high sensitivity and wide workable range of our devices may be due to the excellent mechanical and
structural properties of the NCB-based pressure sensors. The substrates we used, PDMS and cotton
fabric, had a low compressive effective elastic modulus. The current switching behavior of our sensors
could be attributed to the fact that the OFF-state was initially at a break insulating condition; when
applying pressures, a high ON-state current flow could be attained by the conductive NCB-decorated
PDMS that bridged the two interdigitated silver electrodes. The degree of increase in contact area with
applied pressure depended on the elastic modulus of the sensing elements. The large deformation of
NCB-decorated PDMS with low elastic moduli produced a large increase in contact area. A surface
structure of the bottom fabric electrode with a wide size distribution was also proposed to improve the
sensitivity and working range.
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Figure 4c shows that the current–voltage (I–V) curve under various pressures increased linearly
within the appropriate voltage range of −1 to 1 V, indicating that the NCB sensor complied with Ohm’s
law. Furthermore, the stability of flexible sensors under the pressure of 2.5 kPa and frequency of 0.5 Hz
was also investigated. The outcomes indicated that the current amplitude almost remained unchanged
after approximately 1500 cycles of repeated loading/unloading (Figure 4d).

We also measured the relative electrical current variations of the NCB sensor under the pressures
of 0 kPa–15 kPa–0 kPa. The local inelastic deformation process that always exists in textile materials
explained the electrical hysteresis of the device (Figure S1b), similar to many other piezoresistive-type
pressure sensors. Moreover, the sensor prepared herein showed a rapid response (15 and 20 ms,
respectively) with an instantaneous pressure of 400 Pa (Figure 4e). Figure 4f shows that the pressure
sensor device was extraordinarily sensitive when placing and removing very light objects such as
leaves, corresponding to a pressure of 2.26 Pa.

2.4. Monitoring of Human Physiology

Based on its outstanding performance, we further demonstrated the real-time application of NCB
sensors and in situ biomedical testing. Figure 5a shows the real-time response of the wrist when the
NCB sensor was attached to the wrist as it rotated rapidly and also the stability of the NCB sensor
exhibited by the wrist at high speed. Moreover, the data from Figure 5b also show that these wearable
sensors could be used to detect breathing, which is a critical part of real-time monitoring of physical
health. Owing to the ultra-high sensitivity, this equipment could differentiate the gas strength from
the mouth. When the gas generated from the mouth reached the surface of the equipment, the sensor
was able to record the slight mechanical deformation caused by the gas pressure easily and convert it
into the desired signal due to the rapid electronical response and ultra-high sensitivity. Different blow
intensities such as “blowing lightly” and “blowing powerfully” could be identified by the NCB sensor,
which revealed the existence of prominent sensitivity and unique memory patterns. Each different
breath was recorded three times, and similar correlative characteristic peaks and troughs on each
curve could be clearly seen, elucidating that the breath detection had fantastic repeatability. Thus, this
system also provided a robust and effective method for human health monitoring.

 

Figure 5. Cont.
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Figure 5. Real-time detection of different electrical signals using the NCB-coated PDMS pressure sensor:
(a) The response of relative current changes caused by rapid whirling of the wrist. (b) The current
signal for detecting different strengths of gas generated from the mouth. (c) Photograph of a sensor
mounted on the wrist for pulse detection. (d,e) A wrist pulse waveform and a single pulse waveform
recorded by the NCB sensor. (f) An optical image of the NCB-coated PDMS sensor attached to the
neck for arterial pulse waves’ detection. (g) Neck pulse waveform of the test sensor and (h) a single
pulse waveform.

Figure 5d demonstrates that with the aid of scotch tape, a lightweight and a highly sensitive
sensor could be conformally attached to the subject’s brachial artery. According to the data obtained
(Figure S3), the heart rates of the tested subject under normal conditions and after running for 30 min
were 84 and 128 beats min−1, respectively. Representative human pulse waveform peaks correlated
with “P1” (percussion), “P2” (tidal), and “P3” (diastolic) were obviously distinguished, which was
likely to attributed to the conformal contact of the flexible sensor with the skin surface [50].

Furthermore, to further illustrate the reliability of the data, a record of the respiratory frequency
that continuously tracked sleep is shown in Figure 5f. Continuous tracking of the respiratory rate of
sleep is an effective way to avoid sleep apnea; however, sleep apnea is very likely to be misdiagnosed
among numerous emergency diseases. At present, most of the specialized biomedical technologies use
expensive, cumbersome, and uncomfortable instruments, which limit an extensive range of practical
applications. Our flexible sensors could be mounted on the tester’s neck using transparent tape
to capture the rise and fall of the carotid artery, providing a cost-effective and simple approach for
monitoring real-time breathing. Figure 5g shows that the sensor installed on the subject’s artery
recorded the pulse rate in the normal condition. There were still three peaks, P1, P2, and P3, which
were consistent with the results of the previous test.

3. Conclusions

The design and fabrication of a high-performance wearable pressure sensor based on nano carbon
black (NCB) was demonstrated in this study. The conversion of NCB generated from a kerosene
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lamp to functional electronics was an easily-fabricated, eco-friendly, and cost-efficient method to turn
domestic waste into an extraordinarily useful device. Owing to the distinct loose porous structure and
large-scale surface roughness of the textile electrodes and the softness of PDMS, the as-constructed
pressure sensor revealed fantastic sensitivity (31.63 kPa−1 within the range of 0–2 kPa), rapid response
(15 ms), and a large workable pressure sensor range (0–15 kPa). On account of these prominent sensing
properties, we illustrated its actual application in detecting numerous desired mechanical signals
such as wrist movement, acoustic vibration, and even faint pulses with fantastic repeatability. The
study showed that this sensor possessed broad prospects for health monitoring as a flexible wearable
electronic device.

4. Experimental Section

4.1. Preparation of Carbon Black

The kerosene lamp used in this experiment was purchased from the local market. Kerosene was
blended with refined straight-run kerosene or hydrocracked kerosene fractions. Its main component
included C10–C16 alkane, and it also contained a small number of aromatic hydrocarbons, unsaturated
hydrocarbons, cyclic hydrocarbons, and other impurities. A piece of glass (75 × 25 mm) was cleaned
with acetone and deionized water prior to the experiment. The black soot formed by burning the
kerosene lamp in the air was then used to cover the surface of the glass, i.e., carbon black. However, it
was difficult to induce a uniformly dense carbon black layer at the tail of the flame; thus, the center
of the glass piece was placed directly above the flame tail of 10 mm. The NCB deposition could be
controlled by changing the deposition time.

4.2. All Carbon Black Pressure Sensor Fabrication

The PDMS prepolymer (the base monomer and the curing agent were stirred for 5 min in a
weight ratio of 10:1) was deposited on the surface of previously coated NCB as a uniform film by
drop casting, followed by placing it in an oven at 80 ◦C for 4 h. After peeling from the glass sheet,
the conductive NCB film was covered on the surface of PDMS. For the bottom interdigitated textile
electrode, commercially conductive silver paste (ENSON CD-03, Guangzhou, China) was imprinted on
pre-washed fabric by the screen printing method. After drying at 80 ◦C for 25 min, the patterned silver
electrodes on the fabric substrate with ultra-high conductivity were obtained. Finally, the bottom of
the silver electrode and the top NCB-coated PDMS were encapsulated with VHB film (3M™ VHB™
Tape 4910). The devices were compressed with a stress of 50 kPa before testing.

4.3. Device Characterization

Scanning electron microscopy (SEM) was performed using a QUANTA 250 micrometer
(GeminiSEM 300, Hallbergmoos, Germany). The TEM images were obtained using a field-emission
TEM (FE-TEM, JEOL JEM 2100F, Beijing, China). Raman spectra were performed with a Raman
spectroscope (RENISHAW RM2000, Gloucestershire, UK) with a later excitation wavelength of 532 nm.
X-ray photoelectron spectroscopy (ThermoFisher K-Alpha, Waltham, MA, USA) was used for elemental
analysis of nano carbon black. The 3D morphology of the Ag-coated fabric was characterized by a laser
scanning confocal microscope (OPTELICS C130, Kanagawa, Japan). The sensitivity of the NCB pressure
sensor was measured using a computer-controlled force gauge (HP-10, China Handpi Instruments,
Zhejiang, China) as the pressure source. In order to obtain the resistance of the piezoresistive sensor
to multiple stimuli, the resistance and current were obtained using an electrochemical workstation
(CHI 760E, Shanghai, China) and a digital source meter (Keithley 2400, Beaverton, OR, USA). The
stability of flexible sensors was tested by a fatigue testing machine (Wance EDT 104B, Shenzhen, China)
under a pressure of 2.5 kPa at a frequency of 0.4 Hz, and an external electrochemical workstation was
connected to test the change of resistance of the sensors.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/4/664/s1:
Figure S1. (a) Relative resistance change as a function of tensile strain. (b) Relative current change as a function of
pressure change of 0 kPa-15 kPa-0 kPa, Figure S2. Relative change of the current under pressures of different
sensors with or without NCB in the same batch, Figure S3. Arterial pulse waves under normal and after strenuous
exercise conditions.

Author Contributions: Conceptualization, J.H.; Formal analysis, X.Y.; Investigation, J.H.; Methodology, X.L.;
Project administration, Y.L.; Supervision, L.L.; Writing—review & editing, J.Y. and Y.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Project of China, grant
number 2018YFB0407100-02, the National Natural Science Foundation of China, grant number 61505018,
U1663229, 21603020, 61705026, 51903027, and 51903026, the Financial Projects of Sichuan Science and Technology
Department, grant number 2018ZYZF0062, the Chongqing Science & Technology Commission, grant number
cstc2018jszx-cyzd0603, cstc2017zdcy-yszxX0004, cstc2019jcyjjq0092 and cstc2018jszx-cyzdX0137, the Scientific and
Technological Research Program of Chongqing Municipal Education Commission, grant number KJZD-K201901302.
And the APC was funded by cstc2018jszx-cyzd0603.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Takei, K.; Takahashi, T.; Ho, J.C.; Ko, H.; Gillies, A.G.; Leu, P.W.; Fearing, R.S.; Javey, A. Nanowire active-matrix
circuitry for low-voltage macroscale artificial skin. Nat. Mater. 2010, 9, 821–826. [CrossRef] [PubMed]

2. Lipomi, D.J.; Vosgueritchian, M.; Tee, B.C.; Hellstrom, S.L.; Lee, J.A.; Fox, C.H.; Bao, Z. Skin-like pressure
and strain sensors based on transparent elastic films of carbon nanotubes. Nat. Nanotechnol. 2011, 6, 788–792.
[CrossRef] [PubMed]

3. Luo, N.; Zhang, J.; Ding, X.; Zhou, Z.; Zhang, Q.; Zhang, Y.-T.; Chen, S.-C.; Hu, J.-L.; Zhao, N. Textile-enabled
highly reproducible flexible pressure sensors for cardiovascular monitoring. Adv. Mater. Technol. 2018, 3,
1700222. [CrossRef]

4. Luo, N.; Dai, W.; Li, C.; Zhou, Z.; Lu, L.; Poon, C.C.Y.; Chen, S.-C.; Zhang, Y.; Zhao, N. Flexible piezoresistive
sensor patch enabling ultralow power cuffless blood pressure measurement. Adv. Funct. Mater. 2016, 26,
1178–1187. [CrossRef]

5. Zhao, X.H.; Ma, S.N.; Long, H.; Yuan, H.; Tang, C.Y.; Cheng, P.K.; Tsang, Y.H. Multifunctional sensor based
on porous carbon derived from metal-organic frameworks for real time health monitoring. ACS Appl. Mater.
Interfaces 2018, 10, 3986–3993. [CrossRef]

6. Liu, W.; Liu, N.; Yue, Y.; Rao, J.; Luo, C.; Zhang, H.; Yang, C.; Su, J.; Liu, Z.; Gao, Y. A flexible and highly
sensitive pressure sensor based on elastic carbon foam. J. Mater. Chem. C 2018, 6, 1451–1458. [CrossRef]

7. Chen, J.; Huang, Y.; Zhang, N.; Zou, H.; Liu, R.; Tao, C.; Fan, X.; Wang, Z.L. Micro-cable structured textile for
simultaneously harvesting solar and mechanical energy. Nat. Energy 2016, 1, 16138. [CrossRef]

8. Zhou, Z.; Li, Y.; Cheng, J.; Chen, S.; Hu, R.; Yan, X.; Liao, X.; Xu, C.; Yu, J.; Li, L. Supersensitive all-fabric
pressure sensors using printed textile electrode arrays for human motion monitoring and human–machine
interaction. J. Mater. Chem. C 2018, 6, 13120–13127. [CrossRef]

9. Wang, C.; Xia, K.; Wang, H.; Liang, X.; Yin, Z.; Zhang, Y. Advanced carbon for flexible and wearable
electronics. Adv. Mater. 2019, 31, 1801072. [CrossRef]

10. Tang, Y.; Gong, S.; Chen, Y.; Yap, L.W.; Cheng, W. Manufacturable conducting rubber ambers and stretchable
conductors from copper nanowire aerogel monoliths. ACS Nano 2014, 8, 5707–5714. [CrossRef]

11. Jung, S.; Kim, J.H.; Kim, J.; Choi, S.; Lee, J.; Park, I.; Hyeon, T.; Kim, D.H. Reverse-micelle-induced
porous pressure-sensitive rubber for wearable human-machine interfaces. Adv. Mater. 2014, 26, 4825–4830.
[CrossRef] [PubMed]

12. Choong, C.L.; Shim, M.B.; Lee, B.S.; Jeon, S.; Ko, D.S.; Kang, T.H.; Bae, J.; Lee, S.H.; Byun, K.E.; Im, J.; et al.
Highly stretchable resistive pressure sensors using a conductive elastomeric composite on a micropyramid
array. Adv. Mater. 2014, 26, 3451–3458. [CrossRef] [PubMed]

13. Yue, Y.; Liu, N.; Liu, W.; Li, M.; Ma, Y.; Luo, C.; Wang, S.; Rao, J.; Hu, X.; Su, J.; et al. 3D hybrid porous
Mxene-sponge network and its application in piezoresistive sensor. Nano Energy 2018, 50, 79–87. [CrossRef]

14. Luo, C.; Liu, N.; Zhang, H.; Liu, W.; Yue, Y.; Wang, S.; Rao, J.; Yang, C.; Su, J.; Jiang, X.; et al. A new approach
for ultrahigh-performance piezoresistive sensor based on wrinkled PPy film with electrospun PVA nanowires
as spacer. Nano Energy 2017, 41, 527–534. [CrossRef]

114



Nanomaterials 2020, 10, 664

15. Zhang, H.; Liu, N.; Shi, Y.; Liu, W.; Yue, Y.; Wang, S.; Ma, Y.; Wen, L.; Li, L.; Long, F.; et al. Piezoresistive
sensor with high elasticity based on 3D hybrid network of Sponge@CNTs@Ag NPs. ACS Appl. Mater.
Interfaces 2016, 8, 22374–22381. [CrossRef] [PubMed]

16. Liu, W.; Liu, N.; Yue, Y.; Rao, J.; Cheng, F.; Su, J.; Liu, Z.; Gao, Y. Piezoresistive pressure sensor based on
synergistical innerconnect polyvinyl alcohol nanowires/wrinkled graphene film. Small 2018, 14, 1704149.
[CrossRef]

17. Metzger, C.; Fleisch, E.; Meyer, J.; Dansachmüller, M.; Graz, I.; Kaltenbrunner, M.; Keplinger, C.;
Schwödiauer, R.; Bauer, S. Flexible-foam-based capacitive sensor arrays for object detection at low cost. Appl.
Phys. Lett. 2008, 92, 013506. [CrossRef]

18. Park, S.; Kim, H.; Vosgueritchian, M.; Cheon, S.; Kim, H.; Koo, J.H.; Kim, T.R.; Lee, S.; Schwartz, G.; Chang, H.;
et al. Stretchable energy-harvesting tactile electronic skin capable of differentiating multiple mechanical
stimuli modes. Adv. Mater. 2014, 26, 7324–7332. [CrossRef]

19. Li, R.; Nie, B.; Digiglio, P.; Pan, T. Microflotronics: A flexible, transparent, pressure-sensitive microfluidic
film. Adv. Funct. Mater. 2014, 24, 6195–6203. [CrossRef]

20. Wu, W.; Wen, X.; Wang, Z.L. Taxel-addressable matrix of vertical-nanowire piezotronic transistors for active
and adaptive tactile imaging. Science 2013, 340, 952–957. [CrossRef]

21. Tien, N.T.; Jeon, S.; Kim, D.I.; Trung, T.Q.; Jang, M.; Hwang, B.U.; Byun, K.E.; Bae, J.; Lee, E.; Tok, J.B.; et al. A
flexible bimodal sensor array for simultaneous sensing of pressure and temperature. Adv. Mater. 2014, 26,
796–804. [CrossRef] [PubMed]

22. Dagdeviren, C.; Su, Y.; Joe, P.; Yona, R.; Liu, Y.; Kim, Y.S.; Huang, Y.; Damadoran, A.R.; Xia, J.; Martin, L.W.;
et al. Conformable amplified lead zirconate titanate sensors with enhanced piezoelectric response for
cutaneous pressure monitoring. Nat. Commun. 2014, 5, 4496. [CrossRef] [PubMed]

23. Wang, X.; Zhang, H.; Dong, L.; Han, X.; Du, W.; Zhai, J.; Pan, C.; Wang, Z.L. Self-powered high-resolution and
pressure-sensitive triboelectric sensor matrix for real-time tactile mapping. Adv. Mater. 2016, 28, 2896–2903.
[CrossRef] [PubMed]

24. Wang, X.; Gu, Y.; Xiong, Z.; Cui, Z.; Zhang, T. Silk-molded flexible, ultrasensitive, and highly stable electronic
skin for monitoring human physiological signals. Adv. Mater. 2014, 26, 1336–1342. [CrossRef] [PubMed]

25. Kim, S.Y.; Park, S.; Park, H.W.; Park, D.H.; Jeong, Y.; Kim, D.H. Highly sensitive and multimodal all-carbon
skin sensors capable of simultaneously detecting tactile and biological stimuli. Adv. Mater. 2015, 27,
4178–4185. [CrossRef]

26. Ma, Z.; Wei, A.; Ma, J.; Shao, L.; Jiang, H.; Dong, D.; Ji, Z.; Wang, Q.; Kang, S. Lightweight, compressible and
electrically conductive polyurethane sponges coated with synergistic multiwalled carbon nanotubes and
graphene for piezoresistive sensors. Nanoscale 2018, 10, 7116–7126. [CrossRef]

27. Tian, H.; Shu, Y.; Wang, X.F.; Mohammad, M.A.; Bie, Z.; Xie, Q.Y.; Li, C.; Mi, W.T.; Yang, Y.; Ren, T.L. A
graphene-based resistive pressure sensor with record-high sensitivity in a wide pressure range. Sci. Rep.
2015, 5, 8603. [CrossRef]

28. Bae, G.Y.; Pak, S.W.; Kim, D.; Lee, G.; Kim do, H.; Chung, Y.; Cho, K. Linearly and highly pressure-sensitive
electronic skin based on a bioinspired hierarchical structural array. Adv. Mater. 2016, 28, 5300–5306.
[CrossRef]

29. Sheng, L.; Liang, Y.; Jiang, L.; Wang, Q.; Wei, T.; Qu, L.; Fan, Z. Bubble-decorated honeycomb-like graphene
film as ultrahigh sensitivity pressure sensors. Adv. Funct. Mater. 2015, 25, 6545–6551. [CrossRef]

30. Wei, Y.; Chen, S.; Lin, Y.; Yuan, X.; Liu, L. Silver nanowires coated on cotton for flexible pressure sensors. J.
Mater. Chem. C 2016, 4, 935–943. [CrossRef]

31. Matsuhisa, N.; Inoue, D.; Zalar, P.; Jin, H.; Matsuba, Y.; Itoh, A.; Yokota, T.; Hashizume, D.; Someya, T.
Printable elastic conductors by in situ formation of silver nanoparticles from silver flakes. Nat. Mater. 2017,
16, 834–840. [CrossRef] [PubMed]

32. Takamatsu, S.; Lonjaret, T.; Ismailova, E.; Masuda, A.; Itoh, T.; Malliaras, G.G. Wearable keyboard using
conducting polymer electrodes on textiles. Adv. Mater. 2016, 28, 4485–4488. [CrossRef] [PubMed]

33. Liu, N.; Fang, G.; Wan, J.; Zhou, H.; Long, H.; Zhao, X. Electrospun PEDOT: PSS–PVA nanofiber based
ultrahigh-strain sensors with controllable electrical conductivity. J. Mater. Chem. 2011, 21, 18962–18966.
[CrossRef]

34. Zhang, M.; Wang, C.; Wang, H.; Jian, M.; Hao, X.; Zhang, Y. Carbonized cotton fabric for high-performance
wearable strain sensors. Adv. Funct. Mater. 2017, 27, 1604795. [CrossRef]

115



Nanomaterials 2020, 10, 664

35. Zhang, Q.; Zhang, B.-Y.; Guo, Z.-X.; Yu, J. Comparison between the efficiencies of two conductive networks
formed in carbon black-filled ternary polymer blends by different hierarchical structures. Polym. Test. 2017,
63, 141–149. [CrossRef]

36. Chen, L.; Chen, G.H.; Lu, L. Piezoresistive behavior study on finger-sensing silicone rubber/graphite
nanosheet nanocomposites. Adv. Funct. Mater. 2007, 17, 898–904. [CrossRef]

37. Nakaramontri, Y.; Pichaiyut, S.; Wisunthorn, S.; Nakason, C. Hybrid carbon nanotubes and conductive
carbon black in natural rubber composites to enhance electrical conductivity by reducing gaps separating
carbon nanotube encapsulates. Eur. Polym. J. 2017, 90, 467–484. [CrossRef]

38. Burmistrov, I.; Gorshkov, N.; Ilinykh, I.; Muratov, D.; Kolesnikov, E.; Anshin, S.; Mazov, I.; Issi, J.P.;
Kusnezov, D. Improvement of carbon black based polymer composite electrical conductivity with additions
of MWCNT. Compos. Sci. Technol. 2016, 129, 79–85. [CrossRef]

39. Luheng, W.; Tianhuai, D.; Peng, W. Influence of carbon black concentration on piezoresistivity for
carbon-black-filled silicone rubber composite. Carbon 2009, 47, 3151–3157. [CrossRef]

40. Luheng, W.; Tianhuai, D.; Peng, W. Effects of conductive phase content on critical pressure of carbon black
filled silicone rubber composite. Sens. Actuators 2007, 135, 587–592. [CrossRef]

41. Xu, H.; Zeng, Z.; Wu, Z.; Zhou, L.; Su, Z.; Liao, Y.; Liu, M. Broadband dynamic responses of flexible carbon
black/poly (vinylidene fluoride) nanocomposites: A sensitivity study. Compos. Sci. Technol. 2017, 149,
246–253. [CrossRef]

42. Wu, X.; Lu, C.; Han, Y.; Zhou, Z.; Yuan, G.; Zhang, X. Cellulose nanowhisker modulated 3D hierarchical
conductive structure of carbon black/natural rubber nanocomposites for liquid and strain sensing application.
Compos. Sci. Technol. 2016, 124, 44–51. [CrossRef]

43. Seo, K.; Kim, M.; Kim, D.H. Candle-based process for creating a stable superhydrophobic surface. Carbon
2014, 68, 583–596. [CrossRef]

44. Sahoo, B.N.; Kandasubramanian, B. An experimental design for the investigation of water repellent property
of candle soot particles. Mater. Chem. Phys. 2014, 148, 134–142. [CrossRef]

45. Li, R.; Si, Y.; Zhu, Z.; Guo, Y.; Zhang, Y.; Pan, N.; Sun, G.; Pan, T. Supercapacitive iontronic nanofabric sensing.
Adv. Mater. 2017, 29, 1700253. [CrossRef] [PubMed]

46. Parent, P.; Laffon, C.; Marhaba, I.; Ferry, D.; Regier, T.Z.; Ortega, I.K.; Chazallon, B.; Carpentier, Y.; Focsa, C.
Nanoscale characterization of aircraft soot: A high-resolution transmission electron microscopy, Raman
spectroscopy, X-ray photoelectron and near-edge X-ray absorption spectroscopy study. Carbon 2016, 101,
86–100. [CrossRef]

47. Nieto-Márquez, A.; Romero, R.; Romero, A.; Valverde, J.L. Carbon nanospheres: Synthesis, physicochemical
properties and applications. J. Mater. Chem. 2011, 21, 1664–1672. [CrossRef]

48. Zeng, W.; Shu, L.; Li, Q.; Chen, S.; Wang, F.; Tao, X.M. Fiber-based wearable electronics: A review of materials,
fabrication, devices, and applications. Adv. Mater. 2014, 26, 5310–5336. [CrossRef] [PubMed]

49. Pang, Y.; Zhang, K.; Yang, Z.; Jiang, S.; Ju, Z.; Li, Y.; Wang, X.; Wang, D.; Jian, M.; Zhang, Y.; et al. Epidermis
microstructure inspired graphene pressure sensor with random distributed spinosum for high sensitivity
and large linearity. ACS Nano 2018, 12, 2346–2354. [CrossRef]

50. Munir, S.; Jiang, B.; Guilcher, A.; Brett, S.; Redwood, S.; Marber, M.; Chowienczyk, P. Exercise reduces arterial
pressure augmentation through vasodilation of muscular arteries in humans. Am. J. Physiol. Heart Circ.
Physiol 2008, 294, H1645–H1650. [CrossRef]

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

116



nanomaterials

Article

Facile Synthesis of MnO2 Nanoflowers/N-Doped
Reduced Graphene Oxide Composite and Its Application
for Simultaneous Determination of Dopamine and
Uric Acid

Xuan Wan 1,†, Shihui Yang 1,†, Zhaotian Cai 1, Quanguo He 1, Yabing Ye 1, Yonghui Xia 2,

Guangli Li 1,* and Jun Liu 1,*

1 College of Life Sciences and Chemistry, Hunan University of Technology, Zhuzhou 412007, China;
wanxuan1111@163.com (X.W.); yangshihui0522@163.com (S.Y.); caizhaotian1998@163.com (Z.C.);
hequanguo@126.com (Q.H.); yyb980501@163.com (Y.Y.)

2 Zhuzhou Institute for Food and Drug Control, Zhuzhou 412000, China; Sunnyxia0710@163.com
* Correspondence: guangli010@hut.edu.cn (G.L.); junliu@hut.edu.cn (J.L.);

Tel.: +86-0731-2218-3382 (G.L. & J.L.)
† These authors contributed equally to this work.

Received: 13 May 2019; Accepted: 28 May 2019; Published: 2 June 2019

Abstract: This study reports facile synthesis of MnO2 nanoflowers/N-doped reduced graphene oxide
(MnO2NFs/NrGO) composite and its application on the simultaneous determination of dopamine
(DA) and uric acid (UA). The microstructures, morphologies, and electrochemical performances of
MnO2NFs/NrGO were studied using X-ray diffraction (XRD), scanning electron microscopy (SEM), cyclic
voltammetry (CV), and electrochemical impedance spectroscopy (EIS), respectively. The electrochemical
experiments showed that the MnO2NFs/NrGO composites have the largest effective electroactive area
and lowest charge transfer resistance. MnO2NFs/NrGO nanocomposites displayed superior catalytic
capacity toward the electro-oxidation of DA and UA due to the synergistic effect from MnO2NFs and
NrGO. The anodic peak currents of DA and UA increase linearly with their concentrations varying from
0.2μM to 6.0μM. However, the anodic peak currents of DA and UA are highly correlated to the Napierian
logarithm of their concentrations ranging from 6.0 μM to 100 μM. The detection limits are 0.036 μM and
0.029 μM for DA and UA, respectively. Furthermore, the DA and UA levels of human serum samples
were accurately detected by the proposed sensor. Combining with prominent advantages such as facile
preparation, good sensitivity, and high selectivity, the proposed MnO2NFs/NrGO nanocomposites have
become the most promising candidates for the simultaneous determination of DA and UA from various
actual samples.

Keywords: dopamine; uricacid; MnO2 nanoflowers; N-dopedreducedgrapheneoxide; voltammetricsensor

1. Introduction

Dopamine (DA) and uric acid (UA) often coexist in the biological fluids, such as blood serum, urine,
and extracellular fluids, which play a vitally significant role on the regulation of human physiological
functions and metabolic activities [1]. As an essential catecholamine neurotransmitter, DA plays
a pivotal role in regulating the functions of cardiovascular and central nervous systems, adjusting
emotions, and maintaining hormonal balances [2]. The dysfunction of DA possibly causes many
neurological disorders like Parkinson’s syndrome, Alzheimer’s diseases, and schizophrenia [3–5].
For a heathy individual, the DA levels in biological matrixes generally vary from 0.01 μM to 1 μM.
The response signals of DA are often susceptible to interferences from endogenous biomolecules i.e.,
ascorbic acid (AA) and UA. Therefore, it remains a great challenge for the fast and precise detection
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of DA. As another critical biomolecule in human body, UA is commonly regarded as the metabolic
product of purine [6]. Generally, the UA level is 4.1 ± 8.8 mg/100 mL for a healthy individual [7].
The abnormal concentration of UA in physiological fluids likely leads to several disorders including
pneumonia, hyperuricemia, and gout [8]. Thus, the levels of DA and UA in physiological fluids
have become important indicators or biomarkers for healthcare and clinical diagnosis. Therefore, it
is extremely necessary to propose some efficient and reliable approaches toward the simultaneous
determination of DA and UA.

Up until now, various detection approaches have been reported for detecting DA and UA,
such as chemiluminescent [9], HPLC [10,11], fluorometry [12], spectrophotometry [13], and surface
plasmon resonance [14]. These techniques are very reliable, but they often involve cumbersome
and time-consuming procedures that require large instruments, experienced technicians, and even a
large amount of poisonous solvents [15]. Recently, electrochemical approaches have drawn growing
attention for the determination of bioactive compounds, food dyes, and pollutants, owing to their
considerable advantages such as being inexpensive, facial operation, high efficiency, good selectivity,
and sensitivity [16–20]. In addition, DA and UA are highly electroactive biomolecules, which are more
suitable for electrochemical detection. However, bare electrodes often suffer from electrode fouling
and cross-interference issues, which result in poor sensitivity and reproducibility [7,21]. To address the
issues, various nanomaterials were developed to construct electrochemical sensors.

As a versatile transition metal oxide, MnO2 has been intensively utilized in energy storage, catalysis,
and sensors because of its peculiar properties including low-cost, more abundance, high-catalytic
activity, and environmental friendliness. Until now, a variety of nanostructured MnO2 such as
nanowires [16,22], nanorods [17,23,24], nanotubes [25,26], microspheres [27,28], and nanoflowers [29,30]
have been prepared, characterized, and even used in electrochemical determination. Among these
morphologies, MnO2 nanoflowers (MnO2NFs) have drawn considerable attention, attributing to their
pore structure and large specific surface area. As sensing materials, MnO2 nanoflowers have been
used for the detection of lead ion [29], ractopamine [30], salbutamol [30], guaiacol [31], vanillin [31],
hydrogen peroxide [32], and DA [33]. These studies demonstrate that MnO2 nanoflowers improve the
electrochemical performances significantly. But their poor dispersibility and electrical conductivity
have impeded widespread applications in electrochemical sensors.

To resolve this problem, an effective strategy is to composite nanostructured MnO2 with graphene
materials, which not only effectively improve the dispersibility, but also endow a synergistic effect
towards sensing target analytes. However, the electrical conductivity of graphene cannot be fully
controlled due to the lack of bandgap [34]. In this regard, many approaches have been proposed to
modify the electron transfer and surface chemical properties, among which the doping of nitrogen
into graphene has displayed enormous potential for widespread applications [35]. Compared to
pristine graphene, N-doped reduced graphene oxide (NrGO) possesses a more biocompatible C-N
microenvironment, a much larger functional surface area, a better electrical conductivity, a higher ratio of
surface-active groups to volume, and enhanced electrocatalytic effects [35,36]. Therefore, NrGO has been
widely used to construct a variety of electrochemical sensors. For example, Yang and coworkers [37]
reported a facie one-step hydrothermal preparation of Fe2O3/NrGO nanohybrids toward DA detection.
Fe2O3/NrGO showed superior electrocatalytic activity toward DA oxidation, with a broad detection range
(0.5 μM–0.34 mM), a low limit of detection (LOD, 0.49 μM), and good sensitivity (418.6 μA mM−1 cm−2).
Chen et al. [38] prepared NrGO/MnO nanocomposite via the freeze-drying technique to construct a
selective electrochemical sensor for the detection of DA in the coexistence of UA and AA. Although NrGO
has been intensively utilized in electrochemical sensing, as far as we know there is no report available for
the use of MnO2/N-doped graphene composite for the simultaneous detection of DA and UA.
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Herein, MnO2NFs/NrGO nanocomposites were prepared by a facile, cost-effective and highly
efficient route rather than the conventional hydrothermal method. Specifically, MnO2NFs were
prepared by a slow addition of MnSO4 into KMnO4 solution followed by a simple stirring procedure,
then composited with NrGO nanosheets with an ultrasonication assistant. The combined virtues of
MnO2NFs and NrGO nanosheets are expected to enhance electrochemical sensing properties, which
has been proven by using the MnO2NFs/NrGO as an efficient electrocatalyst for the simultaneous
determination of DA and UA in serum samples. The proposed sensor showed remarkable catalytic
capacity toward the oxidation of DA and UA, with two detection ranges (0.2–6.00 μM and 6–100 μM),
low LOD (36 and 29 nM for DA and UA respectively), and good selectivity as well as reproducibility.

2. Materials and Methods

2.1. Reagents

UA, DA, NaH2PO4, and Na2HPO4 were purchased from Aladdin Reagents Co., Ltd. (Shanghai,
China). K4[Fe(CN)6], K3[Fe(CN)6], MnSO4, KMnO4, NaOH, H3PO4, and absolute ethanol were
supplied by Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). All of the chemicals were
analytically pure and used as received. NrGO was supplied by Nanjing Xianfeng NANO Material
Tech Co. Ltd. (Nanjing, China). Human serum samples were provided by Zhuzhou People’s Hospital
(Zhuzhou, China). The human samples are a mixture of residual serum from various individuals after
clinical examination. Deionized water with the resistivity of 18.2 MΩ was used in all of the experiments.

2.2. Materials Characterization

Crystalline structures and surface morphologies of MnO2NFs and MnO2NFs/NrGO were
investigated by powder X-ray diffractometry (XRD) and scanning electron microscopy (SEM),
respectively. SEM images were taken from a cold field-emission SEM (Hitachi S-4800, Tokyo, Japan).
The XRD patterns of MnO2NFs were collected using a powder XRD system (PANalytical, Almelo,
The Netherlands) with monochromatized Cu Kα radiation (λ = 0.1542 nm), which was operated at
40 kV and 40 mA.

2.3. Synthsis of MnO2NFs/NNrGO Comoposites

The MnO2NFs was prepared by a slow addition of MnSO4 into KMnO4 solution followed by a
simple stirring procedure. Typically, 1 mmol of KMnO4 and 1.5 mmol of MnSO4 were adequately
dissolved into 20 mL deionized water, separately. Then, the MnSO4 solution was added dropwise
into KMnO4 solution at a rate of 1 mL min−1, and agitated continuously at room temperature for 2 h.
The resultant product was collected by centrifugation at 12,000 rpm, followed by cleaning alternately
with absolute alcohol and deionized water three times, and dried at 60 ◦C in a vacuum oven overnight.
Obviously, this route is time-saving and more convenient when compared with the conventional
hydrothermal method.

MnO2NFs/NrGO composites were prepared as follows. Firstly, 10 mg MnO2NFs were uniformly
dispersed in 10 mL deionized water under an ultrasonication bath for 0.5 h. Then 0.2 g NrGO
nanosheets were added into the above MnO2NFs dispersion (1 mg mL−1) and dispersed under
ultrasonication for 1 h. The MnO2NFs/NrGO were stored at 4 ◦C in a refrigerator when not used.
To ensure good reproducibility, the MnO2NFs/NrGO were subjected to ultrasonication for 0.5 h before
each modification.

2.4. Fabrication of MnO2NFs/NrGO Modified Electrodes

The bare glassy carbon electrodes (GCEs) were carefully polished using 0.3 μm and 0.05 μm
alumina slurry, then alternately washed by anhydrous alcohol and deionized water several times, and
allowed to dry under an infrared lamp. The MnO2NFs/NrGO-modified GCE (MnO2NFs/NrGO/GCE)
was prepared via a simple drop-casting approach. Specifically, 5 μL MnO2NFs/NrGO dispersion was
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carefully dropped and casted on the GCE surface with a micropipette, then dried with an infrared
lamp to form a sensing film. For comparison, MnO2NFs and NrGO-modified GCEs (MnO2NFs/GCE,
NrGO/GCE) were also prepared via similar procedures.

2.5. Procedures for Electrochemical Mesurements

For all the electrochemical tests, a typical three-electrode assemble was immersed into a 10 mL
electrochemical cell, in which a bare or modified GCE was worked as the working electrode. Saturated
calomel electrode (SCE) and platinum wire were used as a reference electrode and auxiliary electrode,
respectively. To evaluate the electrochemical performance of various modified electrodes, cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) was measured in the 0.1 M
phosphate buffered solution (PBS, pH 7.0), using 0.5 mM [Fe(CN)6]3−/4− as redox probe couples.
EIS plots for different electrodes were recorded at open circuit potential using 5 mV (rms) AC sinusoid
signal at a frequency range from 100,000 Hz to 0.1 Hz. The voltammetric responses of 10 μM DA
and UA at different electrodes were tested by CV. After a suitable accumulation, linear scanning
voltammetry (LSV) was performed for the determination of DA and UA. The potentials were scanned
from 0 V to 0.8 V at 100 mVs−1 for both CV and LSV.

3. Results and Discussion

3.1. Physical Chararazation

The crystalline structure of MnO2 nanoflowers was characterized by XRD. As presented in
Figure 1, sharp diffraction peaks were observed at 2θ of 12.94◦, 18.34◦, 28.78◦, 37.66◦, 42.14◦, 49.90◦,
56.44◦, 60.26◦, 69.74◦, 71.34◦, and 73.72◦, which can be well-indexed into (110), (200), (310), (211),
(301), (411), (600), (521), (541), (222), and (730) facets, respectively. It is in good agreement with XRD
standard card JSPDF 44-0141 [16,17], suggesting tetragonal crystalline of α-MnO2 were successfully
synthesized. Moreover, no visible peak relating to impurities appears, indicating high-purity of
α-MnO2. SEM images of MnO2NFs are shown in Figure 2A, B. Obviously, flower-like nanostructures
composed of interconnected nanoflakes suggests MnO2 nanoflowers were successfully synthesized.
The porous microstructures indicate that MnO2 nanoflowers have a large specific surface area, which
is favorable for electrochemical sensing. As shown in Figure 2C,D, the NrGO nanosheets were warped
on the surface of MnO2NFs, suggesting MnO2NFs/NrGO nanocomposites were successfully prepared.

Figure 1. X-ray diffraction (XRD) patterns of MnO2 nanoflowers and standard card JSPDF 44-0141.
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Figure 2. Scanningelectronmicroscopy(SEM)imagesofMnO2NFs(A,B)andMnO2NFs/NrGOnanocomposites
(C,D) at different magnifications.

3.2. Evaluation of Electrochemical Performances

In order to assess the electrochemical performances, CVs for various modified electrodes were
measured in a mixture solution of 0.5 mM [Fe(CN)6]3−/4− and 0.1 M KCl (Figure 3A). A pair of
quasi-reversible redox peaks occurred on all of the electrodes with ipa/ipc ≈ 1.0. At bare GCE,
a pair of weak redox appeared with the anodic and cathodic peak current of 12.23 and 9.02 μA,
respectively. After the modification of GCE by MnO2NFs or NrGO, the redox peak currents increased
by 2-fold approximately. As expected, a well-defined and sharp redox peak was observed at
the MnO2NFs/NrGO/GCE, with the highest anodic and cathodic peak currents (ipa = 92.41 μA,
ipc = 87.89 μA). It indicates that MnO2NFs/NrGO significantly improved electrochemical performances.
It is well-known that the effective electroactive area is a critical factor that directly influences the
electrochemical sensing performances. The effective electroactive areas of different electrodes were
also calculated, using the Randles–Sevcik equation as follows [16,17,20]:

ipc = (2.69 × 105) n3/2 D1/2 v1/2 AC (1)

where ipc represents the cathodic peak current (A), n represents the electron transfer number,
D represents the diffusion coefficient of K3[Fe(CN)6] (7.6 × 10−6 cm2 s−1 [39]), v denotes the
scanning rate (V s−1), A denotes the effective electroactive area (cm2), and C denotes the K3[Fe(CN)6]
concentration (mol cm−3). The effective electroactive areas were estimated to be 0.0770, 0.3183, 0.3958,
and 0.7496 cm2 for the bare GCE, MnO2NFs/GCE, NrGO/GCE, and MnO2NFs/NrGO/GCE, respectively.
The effective electroactive area of MnO2NFs/NrGO/GCE is about 9-fold higher than that of the bare GCE
approximately. The results suggest that the MnO2NFs/NrGO nanocomposites significantly enlarged
the effective electroactive surface area, which promoted the accumulation of target analysts and thus
increased the response electrochemical signals.
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Figure 3. Cyclic voltammetry (CVs) (A) and Nyquist plots (B) for various electrodes in 0.5 mM
[Fe(CN)6]3−/4− containing 0.1 M KCl solution. The inset in Figure 3B represents the magnification of
Nyquist at a higher frequency.

EIS has intensively been used to investigate interfacial properties of various electrochemical
sensors [16,17,40–42]. Nyquist plots for various electrodes are plotted in Figure 3B. Obviously, Nyquist
plots comprise of the semicircular at higher frequencies relating to the electron transfer-limited
process, and linear portions at lower frequencies corresponding to the diffusion-controlled process.
The semicircular diameter represents the charge transfer resistance (Rct). The Rct values for the bare
GCE, MnO2NFs/GCE, NrGO/GCE, and MnO2NFs/NrGO/GCE are 1950, 2551, 72.47, and 25.28 ohm,
respectively. After modification with MnO2NFs, the Rct value increased by 601 ohm because of the poor
electro-conductivity of MnO2. When GCE was modified with NrGO, the Rct significantly decreased
to 74.25 ohm, which can attribute to the good electro-conductivity and high-specific surface area of
NrGO [35,36]. As expected, the lowest Rct value was obtained at MnO2NFs/NrGO/GCE, probably due
to the existence of abundant electrocatalytic active sites that can greatly accelerate the redox reaction of
[Fe(CN)6]3−/4−. The results demonstrate that the MnO2NFs/NrGO can effectively decrease the Rct.

3.3. Voltammetric Responses of DA and UA at Various Electrodes

CV responses of 10 μM DA and UA (1:1) were measured at different electrodes in 0.1 M PBS
(pH 3.93) (Figure 4). When the potentials were scanned from 0 to 0.8 V, two anodic peaks were observed
at all electrodes, which are closely related to the oxidation of DA and UA. However, only one peak
belonging to the reduction of DA occurred at reverse scanning. These phenomena indicate that the
electrooxidation of UA is totally irreversible. On the bare GCE, two very weak anodic peaks appeared
(ipa(DA)= 1.126 μA, ipa(UA)= 0.385 μA), demonstrating sluggish kinetics for the electrooxidation of DA
and UA. After modification of the GCE by MnO2NFs, the ipa(DA) increased a little (ipa(DA) = 3.766 μA)
while the ipa(UA) was enhanced significantly (ipa(UA) = 12.73 μA), showing MnO2NFs have good
electrocatalytic toward the oxidation of UA because of the presence of Mn4+/Mn3+ as an electron
mediator. Moreover, the high-specific surface area also contributed to the obvious enhancement on the
ipa(UA). When GCE was modified with NrGO, the ipa(DA) and ipa(UA) increased to 7.029 μA and
16.43 μA respectively, suggesting superb electrocatalytic activity toward the oxidation of DA and
UA. The superb electrocatalytic activity of NrGO can explain the following facts. Nitrogen atoms

122



Nanomaterials 2019, 9, 847

in NrGO sheets may interact with target biomolecules via hydrogen bond, which can activate the
amine and hydroxy groups and expedite the charge transfer process. Meanwhile, the π–π interactions
between NrGO and target biomolecules can also facilitate the charge transfer process [43]. Two sharp
anodic peaks occurred at MnO2NFs/NrGO/GCE, and the anodic peak currents enhanced remarkably
(ipa(DA) = 14.8 μA, ipa(UA) = 36.3 μA). The synergistic effect between MnO2NFs and NrGO sheets
was mainly responsible for the enhanced response peak currents. Specially, MnO2NFs had higher
catalytic activity toward the oxidation of DA and UA when the electrical conductivity was improved
by coupling with NrGO sheets. Meanwhile, the hydrogen bond and π–π interactions between NrGO
sheets and target biomolecules can also facilitate the charge transfer process. It is worth noting the
biggest peak potential separation (about 150 mV) at MnO2NFs/NrGO/GCE, rendering this composite
more selective for the simultaneous detection of UA and DA. Besides, the largest background current
was also obtained at the MnO2NFs/NrGO nanocomposites, due to the high-specific capacitance of the
MnO2NFs/NrGO nanocomposites [44].

Figure 4. CVs of 10 μM Dopamine (DA) and uric acid (UA) mixture solution (1:1) on different electrodes.

3.4. Optimization of Voltammetrical Parameters

3.4.1. Effect of pH

As known to all, the voltammetric responses of DA and UA highly depend on the solution pH.
Therefore, it’s worthwhile to optimize pH. The dependences of pH on the anodic peak currents of
DA and UA are shown in Figure 5A. In the pH range of 2.58 to 3.93, the ipa(DA) gradually increased
with the increase of pH, then decreased slowly as the pH rose to 7.01, and suddenly decreased
when the pH exceeded 7.01. Obviously, the maximal ipa(DA) was achieved at pH 3.93. As for UA,
the ipa(UA) show a downward trend, with pH varying from 2.58 to 8.52. To ensure the highest possible
anodic peak current for DA and UA, pH 3.93 was selected for the following experiments. Moreover,
the anodic peak potentials of DA and UA linearly decreased as pH was rising (Figure 5B). The linear
relationships of Epa versus pH can be expressed as Epa(DA) = −0.0685 pH + 0.839 (R2 = 0.974) and
Epa(UA) = −0.0639 pH + 0.679 (R2 = 0.976), respectively. Their slopes (68.5 pH/mV and 63.9 pH/mV)
are close to 59 mV/pH, demonstrating the equal numbers of electron (e−) and protons (H+) involved
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in their electrooxidation processes [16]. As reported, the oxidation of DA and UA are two electron
transfer processes [45]. Hence, the electrooxidation of DA and UA involves two electrons (2e−) and
two protons (2H+). The electrochemical oxidation process of DA and UA at the MnO2NFs/NrGO/GCE
are illustrated in Scheme 1.

Figure 5. (A) Dependence of pH on the anodic peak currents of DA and UA. (B) Linear plots of anodic
peak potentials of DA and UA against pH (n = 3).

 
Scheme 1. Scheme diagram of the electrochemical oxidation of DA and UA at the MnO2NFs/NrGO/GCE.

3.4.2. Effect of Scanning Rate

In order to give a deep insight into the oxidation of DA and UA, CVs of 10 μM DA and UA
were performed at various scanning rates (Figure 6A). As the scanning rates increased, their anodic
peaks shifted positively while the cathodic peaks shifted in the reverse direction. Furthermore, their
response peak currents increased with the potentials scanning speeding up. It is noteworthy that the
background currents also enhanced synchronously. To pursue high-signal to noise (S/N), 0.1 Vs−1 was
recommended as the optimal scanning rate. As shown in Figure 6B, the redox peak currents of DA
were proportional to the square root of the scanning rate (v1/2), suggesting the electrooxidation of DA
is a diffusion-controlled process. There was also a good relationship between the anodic peak currents
of UA and the square root of the scanning rate (Figure 6C), indicating a diffusion-limited electrode
process for UA oxidation.
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Figure 6. (A) CVs of 10 μM DA and UA (1:1) at different scanning rates. (B) Linear relationship between
the redox peak currents of DA and square root of scanning rates (n = 3); (C) Linear relationship between
the anodic peak currents of UA and square root of scanning rates (n = 3).

3.4.3. Influence of Accumulation Parameters

Accumulation can effectively boost the response peak currents of target species, so the influence
of accumulation potential and time were also investigated. The anodic peak currents of DA and UA
sharply increased with the accumulation potentials shifting from −0.4 V to −0.3 V, then they gradually
decreased with a further increase of the accumulation potential (Figure 7A). The highest anodic peak
currents of DA and UA were achieved at −0.3 V, so −0.3 V was chosen as the optimal accumulation
potential. As presented in Figure 7B, their anodic peak currents gradually enhanced during the first
150 s, then decreased with the prolonging of the accumulation time. Therefore, accumulation was
performed at −0.3 V for 150 s in the following experiments.

 

Figure 7. Effect of accumulation potential (A) and time (B) on the anodic peak currents of DA and UA.

3.5. Individual and Simultaneous Determination of DA and UA

For individual detection of DA and UA at the MnO2NFs/NrGO/GCE, LSVs were measured in
the potential range of 0–0.8 V in 0.1 M PBS (pH 3.93). In this case, only the concentrations of the
target substance were varied, while the concentrations of the other substance were kept unchanged.
As illustrated in Figure 8A,B, there was a good linear relationship between the ipa(DA) and DA
concentrations ranging from 0.4 μM to 10 μM. The linear equation is ipa(DA) = 1.3090CDA − 0.1953
(R2 = 0.989). However, the ipa(DA) were positively proportional to the Napierian logarithm of DA
concentrations (lnCDA) in the concentration range of 10 μM–100 μM (Figure 8C,D). The linear regression
equation can be expressed as ipa(DA) = 19.1371lnCDA − 32.3044 (R2 = 0.993). The LOD was estimated
as 0.054 μM. Regarding the individual determination of UA, the ipa(UA) were well-linear to the
working concentrations, varying from 0.4 μM to 6.0 μM (Figure 9A,B), with the linear equation of
ipa(UA) = 2.4934CDA − 0.9302 (R2 = 0.989). At the higher concentration region (6.0 μM to 100 μM),
the ipa(UA) were positively correlated to the Napierian logarithm of UA concentrations (lnCUA).
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The corresponding linear equation is ipa(UA) = 44.3228lnCUA − 65.7789 (R2 = 0.995). The LOD is
0.062 μM for the individual determination of UA. It is noteworthy that the addition of the target
biomolecule does not have a notable interference on the electrochemical response signals of the other
biomolecule. The results firmly imply that DA and UA can be sensitively and selectively detected at
MnO2NFs/NrGO/GCE in the mixture of DA and UA.

 

Figure 8. Linear scanning voltammetry (LSVs) at the MnO2NFs/NrGO/GCE in 0.1 M PBS (pH 3.93)
containing 1 μM UA and various DA concentrations from 0.4 μM to 10 μM (A) and from 10 μM to
100 μM (C); Linear plots of the ipa(DA) versus the DA concentrations varying from 0.4 μM to 10 μM (B)
and from 10 μM to 100 μM (D).

The remarkable electrocatalytic activity of MnO2NFs/NrGO enables simultaneous detection of
DA and UA using the LSV method (Figure 10). Two well-separated anodic peaks belonging to the
electrooxidation of DA and UA were observed on LSV curves using MnO2NFs/NrGO/GCE. Furthermore,
LSV responses were resolved into two peaks at 0.420 V and 0.554 V, respectively. The results demonstrate
an excellent discriminability from the two biomolecules in mixture solutions. At the lower concentration
region (0.02μM–6.0μM), the ipa(DA) and ipa(UA) enhanced linearly with their concentrations increasing
(Figure 10A, B). The linear plots can be expressed as ipa(DA) = 3.0627CDA − 0.2848 (R2 = 0.991), and
ipa(UA) = 3.0627CUA − 0.2848 (R2 = 0.990), respectively. However, the ipa(DA) and ipa(UA) are
positively proportional to the Napierian logarithm of the DA and UA concentrations (lnCDA and lnCUA)
at the higher concentration region from 6.0 μM to 100 μM (Figure 10C, D). The corresponding linear
regression equations are ipa(DA) = 16.2222lnCDA − 12.4506 and ipa(UA) = 37.7032lnCUA − 48.2926,
respectively. The correlation coefficient is 0.990 for both DA and UA. The LODs are calculated to be
0.036 μM and 0.029 μM for DA and UA, respectively. All of the results indicate that the proposed
MnO2NFs/NrGO/GCE featured wider linear detection ranges and a lower LOD for the electrochemical
oxidation of DA and UA. The analytical performances were compared to those in previous works
(Table 1). Obviously, the sensing parameters of the proposed sensor are comparable to, or even better
than, previously reported modified electrodes [7,46–54].
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Figure 9. (A) LSVs at the MnO2NFs/NrGO/GCE in 0.1 M phosphate buffered solution (PBS) (pH 3.93)
containing 1 μM DA and various UA concentrations from 0.4 μM to 6.0 μM (A) and from 6.0 μM to
100 μM (C) (n = 3); Linear plots of the ipa(UA) versus the UA concentrations varying from 0.4 μM to
6.0 μM (B) and from 6.0 μM to 100 μM (D) (n = 3).

 

Figure 10. (A) LSVs on the MnO2NFs/NrGO/GCE in 0.1 M PBS (pH 3.93) containing various concentrations
of DA and UA ranging from 0.2 μM to 6.0 μM (A) and from 6.0 μM to 100 μM (C); (B) Plots of the
anodic peak currents as the function of DA and UA concentrations in the range of 0.2 μM –6.0 μM
(n = 3); (D) Plots of the anodic peak currents as the function of DA and UA concentrations in the range of
6.0 μM–100 μM (n = 3).
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Table 1. Comparison sensing performance between previous reports and the proposed MnO2NFs/NrGO/GCE
for the simultaneous detection of DA and UA.

Electrodes Methods
Detection Range (μM) LOD (μM)

Ref.
DA UA DA UA

Au/Cu2O/rGO/GCE a DPV 10–90 100–900 3.9 6.5 [7]
NrGO/GCE DPV 0.5–170 0.1–20 0.25 0.045 [46]

Pd/RGO/GCE DPV 0.45–71 6–469.5 0.18 1.6 [47]
Pt/RGO/GCE DPV 10–170 10–130 0.25 0.45 [48]

ZnO/SPCE DPV 0.1–374 0.1–169 0.004 0.00849 [49]
PtNi@MoS2/GCE DPV 0.5–150 0.5–600 0.1 0.1 [50]
Au–Pt/GO–ERGO DPV 0.0682–49,800 0.125–82,800 0.0207 0.0407 [51]

HFP/GCE DPV 1–200 20–400 0.016 0.218 [52]
MoS2/GCE DPV 1–900 1–60 0.15 0.06 [53]

ZnO/PANI/rGO/GCE DPV 0.1–90 0.5–90 0.017 0.12 [54]
MoS2/rGO/GCE DPV 5–545 25–2745 0.05 0.46 [55]

NCNF/GCE DPV 1–10; 10–200 5–200 0.5 1 [56]
PTPCNs/GCE DPV 1–100 5–200 0.078 0.17 [57]

MnO2NFs/NrGO/GCE LSV 0.2–6.0; 6.0–100 0.2–6.0; 6.0–100 0.036 0.029 This work
a DPV: differential pulse voltammetry.

3.6. Selectivity, Repeatability, and Reproducbility Assay

Before real sample detection, the selectivity and repeatability, as well as reproducibility were
also evaluated. To assess the anti-interfering ability of the proposed MnO2NFs/NrGO/GCE, the LSV
responses of the DA and UA in the coexistence of common interfering substances (i.e., ascorbic acid,
alanine, citric acid, glutamic acid, cysteine, and lysine) were compared. The relative errors (less than 5%)
were accepted even in the presence of 100-fold the above interfering species, demonstrating good
selectivity (Figure S1). It is noted that the 100-fold AA have no obvious interfering because of the
well-separated peak potential between AA and DA (ΔEp = 0.260 V). To check the repeatability, eight
successive determinations of 1 μM DA and UA (1:1) were also performed. The relative standard
deviation (RSD) for DA and UA were 6.35% and 5.32%, respectively, indicating good repeatability.
To examine electrode reproducibility, the anodic peak currents of 1 μM DA and UA were recorded
at five MnO2NFs/NrGO/GCEs, which were prepared by similar procedure. The RSD of the anodic
peaks were 6.02% and 4.70% for DA and UA respectively, showing that the electrode preparation have
excellent reproducibility.

3.7. Determination of DA and UA in Human Serum Samples

To validate practicability, the concentrations of DA and UA in human serum samples were also
detected on MnO2NFs/NrGO/GCE. The determination results were calculated from the calibration
curves (Table 2). To further validate the precision of the proposed sensor, a series of known concentration
solutions of DA and UA were spiked with the serum samples to figure out the recovery. The recoveries
are 96.2–105.6% and 96.2–104.9% for DA and UA respectively, verifying that biological matrixes,
like human serum, do not influence the simultaneous detection of DA and UA.

Table 2. Detection results of DA and UA in human serum samples using MnO2NFs/NrGO/GCE (n = 3).

a Samples Detected (μM) Added (μM) Found (μM) RSD (%) Recovery (%)

Serum

DA b ND
20 18.98 4.25 94.9

40 38.48 3.76 96.2

UA 21.8
20 42.92 2.98 105.6

40 63.74 2.45 104.9
a The human serum samples were detected at 10-fold dilution. b Not detected.
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4. Conclusions

In summary, this paper reported the facile synthesis of MnO2NFs/NrGO nanocomposites and
their application on the simultaneous determination of DA and UA. The electrochemical measurements
indicated that the MnO2NFs/NrGO composites possess a large, effective electroactive area and
low-charge transfer resistance. MnO2NFs/NrGO/GCE showed superb catalytic capacity toward the
electrooxidation of DA and UA, attributing to the synergistic effect from MnO2NFs and NrGO sheets.
The anodic peak currents of DA and UA increased linearly with their concentrations varying from
0.2 μM to 6.0 μM. However, their anodic peak currents were highly correlated to the Napierian
logarithm of their concentrations, ranging from 6.0 μM to 100 μM. The LODs were 0.036 μM and 0.029
μM for DA and UA, respectively. Furthermore, the proposed sensor successfully realized DA and UA
detection in human serum samples with satisfactory recovery. Combining with prominent advantages
such as facile preparation, high sensitivity, good selectivity, repeatability, and reproducibility, the
proposed MnO2NFs/NrGO nanocomposites have become the most competitive candidates for the
simultaneous determination of DA and UA in various real samples.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/6/847/s1,
Figure S1: The anodic peak currents of 1 μM DA and UA in the presence of 100-fold alanine (AL), glutamic acid
(GA), ascorbic acid (AA), lysine (LY) and citric acid (CA).
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Abstract: Efficient and instant detection of biological threat-agent anthrax is highly desired in the
fields of medical care and anti-terrorism. Herein, a new ratiometric fluorescence (FL) nanoprobe was
elaborately tailored for the determination of 2,6-dipicolinic acid (DPA), a biomarker of anthrax spores,
by grafting terbium ions (Tb3+) to the surface of carbon dots (CDs). CDs with blue FL were fabricated
by a simple and green method using schizochytrium as precursor and served as an FL reference and
a supporting substrate for coordination with Tb3+. On account of the absorbance energy transfer
emission effect (AETE), green emission peaks of Tb3+ in CDs-Tb nanoprobe appeared at 545 nm
upon the addition of DPA. Under optimal conditions, good linearity between the ratio FL intensity of
F545/F445 and the concentrations of DPA was observed within the experimental concentration range
of 0.5–6 μM with the detection limit of 35.9 nM, which is superior to several literature studies and
significantly lower than the infectious dosage of the Bacillus anthracis spores. Moreover, the CDs-Tb
nanoprobe could sensitively detect DPA in the lake water sample. This work offers an efficient
self-calibrating and background-free method for the determination of DPA.

Keywords: carbon dots; dipicolinic acid; Tb3+; schizochytrium; ratiometric fluorescence nanoprobe

1. Introduction

Anthrax is a well-known disease caused by Bacillus anthracis, which can affect almost all
warm-blooded animals, including human beings, resulting in deadly infections after inhalation
of over 104 spores in 36 h [1]. Since the spores of Bacillus anthracis are highly environmentally adaptive,
they have been developed as a biological weapon, which makes them a biohazard threat [2]. As a main
ingredient of the bacterial spores, 2,6-dipicolinic acid (DPA) represents 5−15% of the dry mass of the
spores and can be served as a typical anthrax biomarker [3]. Thus, developing an efficient and accurate
method for DPA detection is very important in the fields of medical care and anti-terrorism.

Compared with traditional detection methods for DPA, fluorescence-based sensing methods
have attracted plenty of interest owing to their real-time, economic, highly selective, and sensitive
features [4,5]. Among these, sensing platforms based on rare earth ions (Ln3+) for DPA determination
have received considerable attention due to their high coordination ability with DPA and their excellent
spectroscopic properties, namely, large stokes shift, sharp emission bands, and long fluorescence (FL)
lifetime [6]. When coordinated with DPA, the FL intensity of Ln3+ becomes more intense via the
absorbance-energy transfer-emission effect (AETE) [7,8]. However, most reported measurements rely
on single fluorescent signal changes of Ln3+, which may be easily influenced by environmental or
instrumental factors [3,6,7]. To conquer this limitation, ratiometric FL probes that contain another
FL spectral peak as an internal reference would be an ideal choice to improve the accuracy of the
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detection. Hitherto, various Ln3+-incorporated fluorescent ratiometric platforms for DPA detection
have been exploited, such as silicon quantum dots [4], solid films [1], Micelle [9], and metal-organic
framework [10].

As a new family member of carbon nanomaterials, carbon dots (CDs) have recently inspired
substantial attention because of prominent properties such as facile preparation, low cost, high
photostability, and nontoxicity [11,12]. Although a few CDs-based FL nanoprobes for DPA
determination have been reported [13,14], further improvement is still needed for the DPA sensors, for
example, more facile synthesis, lower cost, and higher photostability and sensitivity. Moreover, it is
worth mentioning that using a more environmentally friendly approach to synthesize CDs with fine
quality remains a pressing problem waiting to be resolved [15]. Using renewable and low cost green
biomass as raw materials to synthesize CDs will inevitably promote the sustainable development of
CDs and their applications.

Herein, CDs with bright blue FL were prepared by a simple and green method using schizochytrium
(a kind of microalgae) as precursor. Subsequently, a new ratiometric FL nanoprobe (CDs-Tb) was
prepared for the determination of DPA by grafting Tb3+ onto the surface of CDs (Scheme 1). Under
optimal conditions, good linearity between the ratio FL intensity of F545/F445 and the DPA concentrations
was observed within the experimental concentration range of 0.5–6 μM with the detection limit of
35.9 nM. Moreover, the CDs-Tb could realize sensitive detection of DPA in lake water samples. The
comparison of several existing FL nanoprobes for DPA detection is listed in Table S1, indicating good
sensitivity of our sensing system compared with previously reported ones [4,14,16–19].

To the best of our knowledge, this is the first example of CDs prepared from microalgae and
pure water by using a hydrothermal method [15,20]. Although one case of hydrothermal synthesis of
microalgae-based carbon dots has been reported, formaldehyde aqueous solution was added during
the hydrothermal reaction, which was obviously not environmentally friendly [20]. Moreover, this
work offers an efficient self-calibrating and background-free method for the determination of DPA.

Scheme 1. Schematic diagram of the CDs-Tb nanoprobe for DPA recognition.

2. Materials and Methods

2.1. Materials

Tris(hydroxymethyl)aminomethane, 2,6-dipicolinic acid (DPA), m-phthalic (mPA), o-phthalic
(oPA), benzoic (BA), glutamic (Glu), D-aspartic (Asp) acid, Tb(NO3)3·6H2O and nitrate salts of
metal ion of analytic grade were purchased from Shanghai Energy Chemical Corporation (Shanghai,
China). Schizochytrium were purchased from Wudi Green Science Engineering Co., Ltd. (Shandong,
China). Cellulose dialysis membrane were purchased from Jingke Hongda Biotechnology Co., Ltd.
(Beijing, China).

2.2. Preparation of CDs

CDs with blue FL emissions were fabricated by a green and facile hydrothermal method (Scheme 2).
Briefly, 2.0 g schizochytrium and 10 mL distilled water were placed in a Teflon-lined stainless steel
vessel (23 mL) and heated at 200 ◦C for 4 h. The obtained mixture was centrifuged to remove large
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particle residues. Subsequently, the redundant supernatant was dialyzed for two days via a cellulose
dialysis membrane (MWCO 1000) in the pure water. After drying by lyophilization, CDs powders
were collected.

Scheme 2. Schematic diagram of the preparation for CDs and CDs-Tb.

2.3. Preparation of CDs-Tb

Then, 0.1 mmol Tb(NO3)3 was added into 10 mL of aqueous CDs (1.0 mg·mL−1) solution. At
room temperature, the mixtures were stirred for 2 h and then subjected to dialysis. “Free” Tb3+ ions
were removed via a cellulose membrane (MWCO 500) in pure water for 2 days. After drying by
lyophilization, CD-Tb powders were collected.

2.4. Characterization

UV-Vis absorption spectra were measured on a Varian UV-Cary100 spectrophotometer (Varian
Inc., Palo Alto, CA, USA). Infrared spectrum (IR) was determined on a Pristige IR21 FTIR spectrometer
(Shimadzu, Kyoto, Japan). FL spectra were performed on a FluoroMax-P spectrophotometer (Horiba
Jobin Yvon, Paris, France). Images of transmission electron microscopy (TEM) were collected by a
Tecnai G2 F20 TEM characterization (FEI, Hillsboro, OR, USA). X-ray photoelectron spectra (XPS)
were measured on a ESCALAB 250Xi (Thermo fisher Scientific, West Sussex, UK). The lifetime
measurements were determined on an Edinburgh fls1000 FL spectrometer (Edinburgh Instruments
Ltd, Livingston, UK). The absolute quantum yields were determined using an integrating sphere on a
Japan Hamamatsu Quantum Yield Determination System C9920-02G (Hamamatsu Photonics Co., Ltd.,
Hamamatsu, Japan).

2.5. Ratiometric Fluorescence Detection for DPA

Then, 20 μL stock solution of CDs-Tb (1.0 mg·mL−1) was mixed with HCl-Tris buffer (pH 7.6)
solution; after that, various concentrations of DPA (0, 0.5, 1, 1.5, 2, 2.5, 3, 3.75, 4.5, 6, 7.5, 9 μM; aqueous
solution, the concentration of DPA stock solution was 0.5 mM) were added. The total volume of the
mixture was 2.0 mL. FL spectra were recorded under the excitation wavelength of 270 nm. In the
selectivity detection towards DPA, the concentrations of the selected interferences and the DPA were
kept as 10 μM and 4 μM, respectively. The FL titrations and the selectivity detection experiments were
carried out three times to achieve reliable results.

To investigate the reaction mechanism between CDs-Tb and DPA, time-resolved decay
measurements were carried out. CDs-Tb solutions (0.1 mg·mL−1) containing 0 or 80 μM of DPA were
tested (pH 7.6). The emission wavelengths were 445 and 545 nm, while the excitation wavelength was
270 nm.

As for analysis in a real sample, a lake water sample taken from our campus was first centrifuged
to remove larger insoluble impurities. Then, small insoluble impurities were removed by filtration.
Subsequently, 20 μL stock solution of CDs-Tb was mixed with 2.0 mL HCl-Tris butter (pH 7.6) solution,
which was prepared by using the above filtered lake water sample. After that, DPA aqueous solutions
(1, 2, 5 μM) were added into the above mixture. FL spectra were recorded (λex = 270 nm), and each test
was repeated three times.
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3. Results

3.1. Characterization of the CDs

The schizochytrium-based CDs were facilely synthesized by a hydrothermal method (Scheme 2).
TEM analysis was performed to characterize the microstructure of the CDs. As depicted in Figure 1a,
the CDs were spherical shapes and showed monodispersity. The mean diameter of the CDs was 4.5 nm
with size distribution from 2.8 to 6.3 nm (Figure 1b). As depicted in Figure 1c, clear lattice fringes of
0.33 nm and 0.20 nm could be observed, which were respectively close to the (002) and the (020) planes
of graphitic carbon, implying its graphitic nature of CDs [21].

Figure 1. (a) TEM image; (b) the size distribution histogram; (c) HRTEM images; and (d) FTIR spectrum
of CDs.

FTIR and XPS plots were determined to investigate the chemical bonds and the compositions of
the CDs. Figure 1d shows the O–H and the N–H stretching vibrations in the 3000–3700 cm−1 regions
as well as the vibrations of C=O, C–N, and C–O at 1641, 1396, and 1095 cm−1, indicating the existence
of carboxyl, amine, and hydroxyl groups [21]. In the XPS plot of CDs (Figure 2a), peaks at 285.0, 398.9,
and 532.1 eV were respectively corresponding to C1s, N1s, and O1s. Figure 2b,c further ensured the
existence of C–N, N–H, C–O/C=O, and C–C/C=C bonds in CDs.

As shown in Figure 2d, the as-synthsized CDs displayed two absorption bands centered at 225
and 278 nm, as well as one weak band around 336 nm, which respectively corresponded to the Π–Π*
transition of the aromatic sp2 structure and the n–Π* transition of carbonyl [22,23].
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Figure 2. (a) XPS spectrum; (b) High-resolution C1s XPS spectra; (c) High-resolution N1s XPS spectra
and(d) UV-Vis absorption spectrum of CDs.

As portrayed in Figure S1, CDs demonstrated excitation wavelength-dependent property, which
indicated the effects of different sized particles and various surface states distribution, as in most
reported CDs [22–26].

The absolute quantum yield of CDs is determined to be 11% with the excitation wavelength of
330 nm, which is comparable with other reported CDs [13].

3.2. Characterization of CDs-Tb

In order to detect DPA, CDs-Tb has been synthesized as a ratiometric FL nanoprobe (Scheme 2).
In this nanoprobe (Scheme 1), CDs are not only act as ligands to coordinate with Tb3+, but also serve as
a fluorescence reference, while Tb3+ ions act as specific recognition unit and response signal.

XPS characteration was also carried out to determine the composition of CDs-Tb. Figure 3 clearly
indicated the presence of carbon, nitrogen and oxygen in this nanoprobe. Additionally, a weak peak at
151.8 eV (Figure 3a,b) corresponding to Tb 4d is appeared, which confirmed the preparation of the
CDs-Tb. Besides, two peaks at 1277.3 and 1242.5 eV corresponded to 3d3/2 and 3d5/2 of Tb3+ were
observed in the HRXPS spectrum of Tb 3d (Figure 3c).
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Figure 3. (a) XPS spectrum; (b) high-resolution Tb 4d XPS spectra; (c–f) high-resolution Tb3d, C1s, N1s
and O1s XPS spectra of CDs-Tb.

Optical properties of CDs-Tb including FL emission and UV-vis spectra were investigated. As
demonstrated in Figure S2, CDs-Tb showed one broad absorption band around 275 nm. Under the
excitation of 265–375 nm, CDs-Tb exhibited excitation-dependent FL property with maximum emission
and excitation peaks around 445 and 265 nm, respectively (Figure S3).

3.3. Determination of the DPA

The ability of this nanoprobe for detection of DPA was assessed systematically by FL titrations. As
delineated in Figure 4a, without the addition of DPA, the emission spectrum of CDs-Tb was dominated
by the blue FL emission of CDs centered at 445 nm. Upon addition of various amounts of DPA, the
emission intensities of CDs remained nearly unchanged, while the emission intensities of peaks at 489,
545, 586, and 621 nm assigned to Tb3+ ions enhanced obviously, owing to effective energy transfer
from DPA to Tb3+. Thus, the blue FL of the CDs centered at 445 nm served as the reference signal,
while the green FL of DPA-sensitized Tb3+ served as the response signal in the CDs-Tb nanoprobe.
Since the FL emission of Tb3+ at 545 nm was the most intense emission peak after addition of DPA, its
FL intensity changes were set to quantitatively measure DPA.

Moreover, we investigated the influence of pH on the ratio FL intensity of F545/F445 in the
nanoprobe. As portrayed in Figure S4, the ratio FL intensity remained nearly unchanged within pH
range 4.0–8.0 because of the abundant oxygen-containing groups on the surface of CDs and the balance
of their protonation and deprotonation. However, this ratio FL intensity remarkably reduced at pH >
9.0 on account of the generation of Tb3+ hydroxide [22].
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As delineated in Figure 4a, the FL intensity of Tb3+ at 545 nm was obviously enhanced upon the
addition of DPA. Nearly nine-fold increase was observed when DPA concentration was 9 μM. The ratio
FL intensity of F545/F445 and the DPA concentrations showed a linear relationship with R2 = 0.985 in
the experimental concentration range 0.5–6 μM (Figure 4b). The following equation was utilized to
calculate the detection limit of CDs-Tb toward DPA: the detection limit = 3SB/S, where SB was standard
error for the blank test, which was determined by 10 continuous scannings of the blank sample, and
where S was the slope of the calibration curve. The obtained detection limit was 35.9 nM, which
was superior compared to values in previously published literature and significantly lower than the
infectious dosage of the spores (60 μM) [4,13,14,16–19,22].

 

Figure 4. (a) Fluorescence (FL) response of CDs-Tb upon the addition of DPA (λex = 270 nm); (b)
ratiometric calibration plot of CDs-Tb (F545 /F445) and DPA concentration.

3.4. Mechanism for DPA Detection Using CDs-Tb

We further explored the mechanism for DPA detection. As depicted in Figure 5a,b, the FL lifetime
of CDs in the CDs-Tb solution (0.1 mg·mL−1) slightly decreased from 30.23 ns to 27.46 ns upon the
addition of DPA (80 μM), while that of the green FL of Tb3+ in the CDs-Tb significantly increased
from 11.90 μs to 822.41 μs. Such phenomenon indicated that DPA could absorb the excitation light
and transfer its energy to Tb3+ in CDs-Tb effectively, implying the mechanism for DPA detection was
attributed to the AETE from DPA to Tb3+ [7,8]. As for CDs in CDs-Tb, the reduction of excitation
light absorption may have been responsible for its slightly decreased lifetime, which was nearly
negligible [13].

Moreover, as demonstrated in Figure 5c,d, the FL intensity of free CDs remained almost unchanged
after adding DPA, while the signal of free Tb3+ was dramatically enhanced, implying the vital role of
Tb3+ in DPA detection. As portrayed in Figure 5d, new bands located at 489, 545, and 586 nm were
clearly observed, which corresponded to the characteristic emission of Tb3+ induced by the effective
energy transfer from DPA to Tb3+ [21].
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Figure 5. FL decay profiles of emissions at (a) 445 nm and (b) 545 nm of CDs-Tb and CDs-Tb+DPA
(λex = 270 nm); FL intensity of (c) the CDs (0.5 mg·mL−1) and (d) the Tb3+ ions (1 mM) with and without
DPA (60 μM).

3.5. Selectivity of DPA Detection

As another vital parameter for a nanoprobe, selectivity of CDs-Tb was evaluated. The effects of
other structurally related species, such as m-phthalic (mPA), o-phthalic (oPA), benzoic (BA), glutamic
(Glu), and D-aspartic (Asp) acid, were studied under similar conditions. The effects of various common
cellular ions (Ca2+, Mg2+, Na+) were also investigated. Notably, no obvious intensity changes occurred
when adding the above interfering species compared to DPA (Figure 6a). Furthermore, the coexistence
of the above species did not cause obvious interference for CDs-Tb when sensing DPA (Figure 6b) and
allowed for selective determination of DPA.

Figure 6. (a) Influences of DPA and interfering species on the FL intensity of CDs-Tb. (b) Blue
bars indicate influences of interfering species (10 μM) on the FL intensity of CDs-Tb and red bars
are influences of interfering species and DPA (4 μM) on the FL intensity of CDs-Tb (10 μg·mL−1),
λex = 270 nm.

3.6. Analysis in Real Samples

To further evaluate the applicability of this ratiometric nanoprobe toward DPA, some studies were
carried out in the lake water sample. Because no DPA was detected in the lake sample by using the
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CDs-Tb, a recovery measurement was performed. DPA solutions (1, 2, 5 μM) were added into the lake
water sample and determined by the CDs-Tb nanoprobe, respectively. With the obtained ratiometric
calibration plot of CDs-Tb (Figure 4b), DPA concentrations were determined. Table 1 demonstrated
that the relative standard deviation (RSD) of these tests did not exceed 3.79%, while recoveries were
within the range from 96.5% to 105.01%. This ratiometric sensing system showed high accuracy and
precision toward DPA determination in real samples.

Table 1. Detection of DPA in the lake water sample. pH: 7.6; λex: 270 nm; cCDs-Tb: 10 μg·mL−1.

Sample Add DPA (μM) Found 1 (μM) Recovery 2 (%) RSD (%)

1.0 1.05 105.01 3.05
Lake
water 2.0 1.93 96.50 2.65

5.0 5.22 103.26 3.79
1 Average of three repeated detections. 2 Recovery (%) = (cfound/cadded) × 100. RSD: relative standard deviation.

4. Conclusions

In summary, a new ratiometric fluorescent nanoprobe, CDs-Tb, was synthesized for DPA detection
by grafting Tb3+ onto the surface of CDs. The schizochytrium-based CDs with blue fluorescence
were facilely synthesized via a hydrothermal process and served as a FL reference and a supporting
substrate for coordination with Tb3+, while green emission peaks of Tb3+ served as the fluorescence
response signal owing to the AETE. This nanoprobe displays high selectivity and sensitivity for DPA
detection and can realize the monitoring of DPA in lake water samples.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/9/1234/s1,
Table S1. Comparison of representative fluorescence probes for measuring DPA, Figure S1: FL emission spectra of
CDs under different excitation wavelength (λex = 265–395 nm), Figure S2: UV-Vis absorption of CDs-Tb, Figure
S3: FL emission spectra of CDs-Tb under different excitation wavelength (λex = 265–375 nm), Figure S4: Influence
of pH on the ratio FL intensity F545 /F445 of CDs-Tb upon addition of 5 μM DPA, λex = 270 nm.
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Abstract: A new nanocomposite consisting of activated carbon (AC) from the Cortaderia selloana
flower and copper-based metal-organic framework (HKUST-1) was synthesized through a single-step
solvothermal method and applied for the removal of lead ions from aqueous solution through
adsorption. The nanocomposite, AC/HKUST-1, was characterized by Scanning Electron Microscopy
(SEM), X-ray Diffraction (XRD), Fourier Transform Infrared (FTIR), and Energy-Dispersive X-ray
Spectroscopy (EDX) methods. The SEM images of both HKUST-1 and AC/HKUST-1 contain octahedral
crystals. Different factors affecting adsorption processes, such as solution pH, contact time, adsorbent
dose, and initial metal pollution concentration, were studied. The adsorption isotherm was evaluated
with Freundlich and Langmuir models, and the latter was fitted with the experimental data on
adsorption of lead ion. The adsorption capacity was 249.4 mg g−1 for 15 min at pH 6.1, which
is an excellent result rivalling previously reported lead adsorbents considering the conditions.
These nanocomposites show considerable potential for use as a functional material in the ink
formulation of lead sensors.

Keywords: metal organic framework; active carbon; heavy metal; low-cost adsorbents; lead sensor;
Cortaderia selloana

1. Introduction

The different polluting agents released from human industrial and agricultural activities are
placing the environment under immense strain. Amongst the various water pollution sources, heavy
metals are considered the most dangerous contributors. Common water pollutant heavy metals such
as copper, bismuth, lead, mercury, cadmium, and nickel have densities over 5 g cm−3. Due to their
stability and biodegradability, they can cause severe environmental problems and endanger human
health [1,2]. Lead is one of the most significant contributors to heavy metal contamination and is
problematic in part because it is ubiquitous, reported to occur in water, air, vegetables, and soil [3].
As such, the maximum level of lead pollutant in drinking water permissible by the WHO and the
Environmental Protection Agency (EPA) are 50 and 15 μg/L, respectively [4]. Lead is one of the most
toxic elements and its devastating effects on human health are well documented; studies showed
that lead can attack the brain and nervous system, cause intellectual disabilities (IDs) and behavioral
disorders, and damage multiple organ systems including the kidneys and liver. The symptoms of lead
poisoning include vertigo, insomnia, anemia, headaches, mortality, weakness, and hallucinations [4–6].
The situation is compounded further by lead being widely used across various industries such as
printing, photographic materials, explosive production, ceramic and glass manufacturing, metal plating,
and finishing [6,7]. Considering lead’s toxic nature and its abundance, it is imperative to accurately
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detect its presence and concentration to mitigate its adverse impacts. As such, the development and
advancement of effective and accurate lead sensors is important and will have countless applications.

Looking at the various treatment systems available to remove heavy metals from aqueous solutions
such as ion exchange, reverse osmosis, electrocoagulation, precipitation, membrane filtration, and
electrochemical methods, adsorption remains superior due it is simplicity, effectiveness, low cost, and
environmentally friendly contribution [8–11]. Several adsorbents such as zeolite [12], activated carbon
(AC) [13], and silica gel [14] are used for the removal of heavy metals from an aqueous solution that
are not as efficient as metal organic frameworks (MOFs) due to their low adsorption capacities and
surface area [15]. Recently, researchers studied nanomaterials and found that they exhibit superior
properties and show potential for increasing the adsorption of heavy metals in contrast to traditional
adsorbents [16].

MOFs are some of the best materials used for adsorption. New MOFs have a high surface area,
large pore volume, network design, large surface-to-volume ratio, and stable porosity [17,18]. MOFs are
also applied widely in different fields, i.e., sensing [19], drug delivery, storage [20,21], catalysis [22,23],
gas storage, separation [24], liquid and gas adsorption, and many more. MOFs are crystalline porous
materials that consist of secondary building units, such as metal ions, and organic linkers connected
into a three-dimensional network [17].

Plant biomass exists widely in nature and can be used as a readily available and low-cost adsorbent.
These adsorbents have an unrivalled microstructure that is particularly favorable in applications
such as catalysis and adsorption [25], and their chemical combination consists of cellulose and lignin
with various polar functional groups such as carboxylic, ether, hydroxyl, carbonyl and phenolic
groups [25–27]. Cortaderia selloana is a tussock and perennial grass native to South America; however,
it is found in many countries and areas around the world. This plant can endure a vast variety of
environmental conditions [28]. There are a few reports on the application of Cortaderia selloana flower
spikes in the field of absorbance for removing heavy metals. To develop the MOF applications, a range
of materials such as multi-walled carbon nanotubes (MWCNT), active carbon (AC), biomaterials,
graphene oxide (GO), and nanofibrous membranes can be used as the supporting bed to grow improved
MOF nanocrystals [29,30]. For instance, Mahmoodi et al. studied the AC/MIL-101 composite as a
bio-based novel green adsorbent [31], Jia et al. synthesized low-cost absorption materials based on
Cortaderia selloana flower spike biomass for dye removal [25], and Wang et al. successfully synthesized
graphene/copper benzene-1,3,5-tricarboxylate metal organic framework (HKUST-1) in a direct one-step
reaction [32]. There is a paucity in literature regarding the characterization and application of
AC/copper-based metal-organic framework (HKUST-1) nanocomposites for heavy metal adsorption.

Improved sensing abilities of sensor devices are in part dictated by the ability of the functional
material to uptake target molecules. Therefore, materials that exhibit notable adsorption properties
can be exploited to improve the sensing abilities of sensors. As such, we aimed to produce and
characterize a green nanocomposite from plant biomass as a potential functional material in the
development of lead sensor technology. An AC/copper-based MOF was synthesized using the
solvothermal method, then characterized, and employed as an adsorbent to remove lead ions (Pb (II))
from simulated solutions. The effects of variables such as the contact time, pH, and adsorbent dosage
were investigated. Equilibrium adsorption isotherm and kinetic models were also studied to evaluate
the experimental data.

2. Materials and Methods

2.1. Materials

Copper nitrate trihydrate, Cu(NO3)2·3H2O; lead nitrate, Pb(NO3)2; benzene-1,3,5-tricarboxylic
acid, C6H3–1,3,5-(COOH)3, (H3BTC) 98%; and methanol, CH3OH 99.5% were all purchased from
Merck and Sigma-Aldrich (Darmstadt, Germany).

144



Nanomaterials 2020, 10, 1647

2.2. Characterization Techniques

The powder X-ray diffraction analysis was carried out using a Phillips X-pert diffractometer (PXRD)
(Almelo, The Netherlands) with monochromatic Cu-Kα radiation (λ = 1.54056Å). The morphology
of surfaces was studied using a JEOL 630 -FSEM (Tokyo, Japan). The synthesized materials were
controlled using a Nicolet 100 FTIR (Chicago, IL, USA) in the range of 4000–400 cm−1 by the KBr pellet
method [33]. The inductively-coupled plasma optical emission spectrometry (ICP-OES) on a Varian
Vista-PRO apparatus (Pau, France), equipped with a charge-coupled detector, was used to determine
the concentration of heavy metal ions. Energy-Dispersive X-ray Spectroscopy (EDX) spectroscopy data
were processed with a SAMx and P_X10p software (France). AC/HKUST-1 was analyzed by a UV–Vis
spectrophotometer (Shimadzu UV-1700) (Kyoto, Japan). The sonication processes in this study were
conducted using a Misonix Sonicator 2200 power output (maximum 300 W at 50/60 kHz) (New York,
NY, USA).

2.3. Methods

2.3.1. Preparation of Active Carbon from Cortaderia selloana

Cortaderia selloana flowers were obtained from the garden of Iran University of Science and
Technology’s campus and were sun-dried for five successive days to entirely dehydrate. The dried
sample was then pulverized using a ball mill (Retsch MM 400) (Haan, Germany). The ground flowers
(6 g) were soaked in 50 mL of 50% w/v phosphoric acid solution at 30 ◦C for 48 h. After filtration,
the raw material was then carbonized in a muffle furnace at 300 ◦C for 2 h in an argon atmosphere.
After cooling, the carbonized material was washed with 200 mL of hot distilled water, and then dried
for 2 h at 120 ◦C. The dried activated carbon was weighed to determine the percentage yield [34].
The calculation and result are given in Equation (S1), Supplementary Materials.

2.3.2. Preparation of AC/HKUST-1

The nanocomposite AC/HKUST-1 was prepared by a one-step solvothermal method. In summary,
0.264 g (1.25 mmol) of H3BTC was dissolved in 7.5 mL of ethanol and was mixed with 0.545 g
(2.25 mmol) of Cu(NO3)2·3H2O and then dissolved in 7.5 mL deionized (D.I.) water [32]. The mixture
was ultrasonicated for 20 min to obtain a homogenous solution, then 4 mg of AC was added and
shaken. The homogeneous solution was transferred to a Teflon-lined stainless-steel reactor and heated
to 120 ◦C for 24 h. After cooling, the obtained precipitate was carefully collected by centrifugation,
washed with D.I. water and ethanol several times, and dried at 80 ◦C for 10 h in a vacuum.

2.3.3. Lead Adsorption Experiments

To investigate the adsorption process and the removal of Pb (II) ions from aqueous solution by
AC/HKUST-1, adsorption experiments were carried out by adding 10 mg of the adsorbent to 50 mL
lead ion solution obtained from Pb(NO3)2. The solution containing controlled pH was centrifuged at
high speed for 10 min. The amount of lead adsorbed by AC/HKUST-1 and the Pb (II) removal efficiency
were calculated using Equations (1) and (2), respectively.

qt =
(C0 −Ct)V

M
(1)

R =
(C0 −Ce)

C0
× 100 (2)

where qt (mg g−1) is the amount of absorbate per amount of absorbent at time t, R is efficiency, and Ce

(mg L−1) and C0 (mg L−1) are the equilibrium and initial concentrations of Pb (II) ions, respectively.
The solution volume is shown by V (L), and M (g) demonstrates the mass of the absorbent.
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3. Results and Discussion

3.1. Characterization of Adsorbent and Its Components

Adsorption performance of AC/HKUST-1 in an aqueous solution of Pb (II) was studied by
considering some parameters including contact time with lead ions in solution, effect of pH, initial
concentration of the solution, and adsorbent dose determined at room temperature. We found that
AC/HKUST-1 demonstrates admissible adsorption capacity for lead ions compared to the recently
reported adsorbents. HKUST-1, as one of the oldest reported MOFs, was prepared with a simple
synthetic process [35] and characterized by methods described in this section.

The SEM images show the surface structural characteristics of the AC (Figure 1a), HKUST-1
(Figure 1b), and AC/HKUST-1 (Figure 1c), and how visual changes can be observed at the SEM-level in
the composition; the pseudo-octahedral crystals of HKUST-1 are shown in Figure 1b, which are also
observed through the AC particles in Figure 1c. The pore structure of AC is detailed in Supplementary
Materials Table S1.

Figure 1. The SEM images of (a) Active Carbon (AC), (b) Copper benzene-1,3,5-tricarboxylate metal
organic framework (HKUST-1), and (c) AC/HKUST-1.

The XRD pattern of HKUST-1 compared with the simulated pattern is illustrated in Supplementary
Materials Figure S1, and the patterns of nanocomposite and its components are illustrated in Figure 2.
The two figures confirm the presence of HKUST-1 and AC in the composite.

3.2. Factors Affecting Adsorption Processes

3.2.1. Effect of pH on Pb (II) Adsorption

One of the most critical factors that can improve the capacity of lead adsorption is the solution
pH. The effect of pH on the adsorption of Pb (II) on AC/HKUST-1 is shown in Figure 3. First, 50 mL
of 50 ppm lead solution and 10 mg adsorbent were mixed to check the adsorption efficiency of
AC/HKUST-1. We found that when the pH is lower than three, the removal efficiency is very low.
Hydronium ion (H3O+) and metal ions are located in the surface adsorption sites. However, at pH ≥ 7,
precipitation occurred, and through further increases in pH and reduction of H3O+, an electrostatic
interaction occurred between Pb (II) ions and the functional sites of AC/HKUST-1. Therefore, at pH 6.1,
we identified the highest rate of lead ions adsorption by AC/HKUST-1.
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Figure 2. XRD patterns of AC (top), AC/HKUST-1 (middle), and HKUST-1 (bottom).

 

Figure 3. Effect of the solution pH on Pb (II) adsorption on AC/HKUST-1 nanocomposite.

3.2.2. Effect of Contact Time (Adsorption Kinetics)

Adsorption kinetics studies reveal key information about the mechanisms behind an adsorption
system. Hence, the removal of lead ions by nanocomposite AC/HKUST-1 was checked as a function of
contact time. The adsorbent (10 mg) was added to a 50 mL lead ion solution at pH = 6 and C0 = 50 ppm,
then placed in an ultrasonic bath at 25 ◦C for a certain time. As shown in Figure 4, the adsorbent
adsorbed lead ions in the first 15 min, after which an equilibrium was reached. This may potentially be
due to an abundance of available adsorption sites and lead ions occupying most of the active sites [18].
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Figure 4. Effect of the contact time on Pb (II) adsorption on AC/HKUST-1.

To obtain more comprehensive data on the adsorption kinetics to further interpret the adsorption
process, kinetic methods including pseudo-first order and pseudo-second-order models were
investigated by the adsorption data of Pb (II) by Equations (3) and (4).

log(qe − qt) = logqe −
(

k1

2.303

)
t (3)

t
qt

=
1

k2q2
e
+

(
1
qe

)
t (4)

where qe and qt are the amounts of lead adsorbed (mg g−1) at equilibrium and at time t (min), respectively;
k1 (min−1) and k2 (g mg min−1) are the constants for pseudo-first-order and pseudo-second-order
reactions, respectively. The results of the kinetic models are shown in Table 1.

Table 1. Parameters and kinetics models for the adsorption of Pb (II) by AC/HKUST-1.

Kinetics Model k R2 qe

Pseudo-first order 0.34 0.994 135.69

Pseudo-second order 1.09 × 10−2 0.998 250

As shown in Figure 5, the value of correlation coefficient, R2, for the pseudo-second-order
model and pseudo-first-order are 0.998 and 0.994, respectively. Therefore, the calculated value of
pseudo-second-order equilibrium adsorption is higher than that of the pseudo-first-order model
for lead ions. In addition, the R2 for the pseudo-second-order kinetic model demonstrates that the
adsorption method is initiated by chemical reactions between the water pollutant Pb (II) ions and the
active adsorbent sites [33].
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Figure 5. (a) Pseudo-second order and (b) pseudo-first-order kinetics models for adsorption of Pb (II)
on AC/HKUST-1 at different initial concentrations.

3.2.3. Effect of Lead Concentration

To evaluate the performance of the adsorbent, different concentrations (5, 10, 15, 20, 25, 50, 75, 100,
and 125 ppm) of aqueous Pb (II) were prepared and the adsorption percentage was measured. Ten mg
of adsorbent was added to every solution and kept in an ultrasonic bath for 30 min at room temperature
to obtain a homogenous solution. Observable in Figure 6, the results showed that with increasing
concentration of Pb (II) from 5 to 50 ppm, the adsorption decreased very slightly from ~95% to ~90%,
whereas a more significant decrease in adsorption was observed in the range of 50–70 ppm. Therefore,
we concluded that the adsorbent is more efficient for aqueous lead solutions at concentrations of
5–50 ppm.

Figure 6. Effect of primary concentration of Pb (II) adsorption onto AC/HKUST-1 at 25 ◦C.

3.2.4. Effect of Adsorbent Dose

The efficacy of AC/HKUST-1 dose on adsorption was investigated at pH 6 and room temperature;
the results are shown in Figure 7. We showed that with increasing quantity of adsorbent, the Pb (II)
removal efficiency increased. This behavior could be attributed to the availability of sufficient active
sites during the Pb (II) adsorption process that remained unsaturated. At an adsorbent dosage of
7.4 mg, an adsorption of 97% was achieved.
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Figure 7. Effect of adsorbent dosage on the adsorption percentage of Pb (II) onto AC/HKUST-1.

3.2.5. Comparison between Nanocomposite and Its Components

To measure the capacity of Pb (II) adsorption by HKUST-1 and AC, 10 mg of AC and HKUST-1
were added separately to 50 mL aqueous solution at pH = 6 and C0 = 50 ppm, then placed in an
ultrasonic bath at 25 ◦C for 30 min. The adsorption capacities of the AC/HKUST-1, HKUST-1, and AC
are shown in Table 2.

Table 2. Comparison of the adsorption capacities of HKUST-1, AC, and AC/HKUST-1.

HKUST-1 AC AC/HKUST-1

Adsorption (%) 72.98 40.58 97

The results highlighted that the adsorption capacity of the nanocomposite (AC/HKUST-1) is
significantly higher than that of its components, HKUST-1 and AC.

Scheme 1 illustrates the polyhedron structure and dimensions [36] of HKUST-1 and the Pb (II)
fitting into the HKUST-1 pores.

Scheme 1. The structure and dimension of HKUST-1 pores shown in black and Pb (II) in blue.

3.3. Adsorption Isotherm

At several initial concentrations of AC/HKUST-1, the amount of lead adsorption was measured,
and the results are shown in Figure 8. Adsorption isotherms can demonstrate the action and reaction
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between adsorbent and adsorbate, and are considerable on different adsorbents [37]. It was measured
using two-parameter isotherm models Freundlich and Langmuir and the experimental data were
analyzed using these models. Both were evaluated for adsorption isotherm following Equations (5)
and (6).

qe = kFC
1
n
e (5)

where Ce (mg L−1) is the equilibrium concentration of Pb (II) in aqueous solution, and n and kF (L mg−1)
are Freundlich constant and adsorption capacity, respectively.

Ce

qe
=

Ce

qm
+

1
KLqm

(6)

where qe (mg g−1) is the amount of Pb (II) adsorbed at equilibrium, qm (mg g−1) is the maximum
amount of adsorption capacity, Ce (mg L−1) is the equilibrium concentration of Pb (II) in water solution,
and KL is an equilibrium constant of Langmuir model. The results of two isotherm models are shown
in Table 3.

Figure 8. Two-parameter isotherm models for adsorption of Pb (II) on AC/HKUST-1: (a) Langmuir and
(b) Freundlich.

Table 3. Constants of Langmuir and Freundlich models for adsorption of Pb (II) ions.

Langmuir Model Freundlich Model

Adsorbent qm (mg/g) k1 (L/mg) R2 kF n R2

AC/HKUST-1 227.77 0.507 0.99 76.39 3.017 0.79

The R2 for the Langmuir and Freundlich models are 0.99 and 0.79, respectively, as illustrated in
Figure 8.

Therefore, since the calculated R2 for the Langmuir adsorption isotherm is higher than that for the
Freundlich lead ions, the adsorption likely corresponds to the Langmuir model.

Figure 9 illustrates the effect of adsorbent amount on the adsorption capacity of AC/HKUST-1.
Accordingly, the highest adsorption capacity of Pb (II) is 249.4 mg g−1.
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Figure 9. Effect of adsorbent dosage on Pb (II) ions adsorption capacity.

3.4. A Comparative Adsorption Study with Various Ions

The efficiency of the adsorbent, AC/HKUST-1, was investigated for various metal ions.
In comparison, several metal ions comprising Pb2+, Hg2+, Cr3+, Al3+, and Cd2+ in the solution
were prepared, and their results illustrated in Figure 10 confirm the largest absorption of Pb (II).

 

Figure 10. Comparative adsorption of various toxic ions.

3.5. Reusability Potential

One of the characteristics of the adsorbent is its reusability in the sorption procedure. To determine
this function of the adsorbent, AC/HKUST-1, the lead metal ions were applied in three steps of the
adsorption and desorption cycle. Desorption was performed by adding 2 mL of deionized water
to 10 mg of adsorbent, and the resulting solution was placed into an ultrasonic bath and dispersed
for 20 min. The released Pb (II) ions were then measured using Inductively Coupled Plasma (ICP)
Spectroscopy. The results are shown in Figure 11 and after three cycles, the adsorption of AC/HKUST-1
is less than the first cycle.
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Figure 11. Cycles of adsorption-desorption on AC/HKUST-1.

3.6. Adsorption Mechanism

To study the performance and adsorption mechanism of AC/HKUST-1, FTIR spectroscopy was
applied; the results are shown in Figure S2. All absorption bands of active carbon and HKUST-1
exist, which showed that the coordination position of HKUST-1 and active carbon is protected in the
composite [38].

In addition, energy-dispersive X-ray spectroscopy (EDX) analysis was conducted to investigate the
flow of Pb (II) adsorption, shown in Figure S3a–c, in which the elemental analysis of the nanocomposite
after adsorption, nanocomposite before adsorption, and AC are compared. The presence of lead ion in
the adsorbent structure is observed after adsorption.

To complete the investigation, the AC/HKUST-1 nanocomposite was synthesized, characterized,
and applied to remove harmful Pb (II) ions from an aqueous solution. Any associated factors that
could affect this process were investigated.

The nanocomposite exhibited a maximum adsorption capacity of 249.4 mg g−1 at optimum
conditions of pH 6.1, which is an excellent result rivalling those of TMU-5 (Zn(oba)(4-bpdh)
0.5]n·(DMF)y) [39] (Table 4). Whereas TMU-5 showed a slightly higher adsorption capacity of
251 mg g−1, the optimum conditions necessary to achieve this consisted of a pH 10, with reports that
decreasing pH resulted in a decrease in the adsorption capacity of the adsorbent. Additionally, the
materials used in TMU-5 are not commercially available. However, our nanocomposite works at a
much lower pH of 6.1, near neutral, and the MOFs used are commercially available. These results
make nanocomposite an attractive material to use, especially as a functional material in lead sensors.
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Table 4. A comparison between reported adsorbents for Pb (II) ion.

Adsorbents
Adsorption Capacity of

Pb (II) Ions (mg g−1)
Time of

Adsorption (min)
Optimum

pH
Ref

TMU-5 (Zn(oba)(4-bpdh)0.5]n·(DMF)y) 251 15 10 [39]

HKUST-1 TMW@H3PW12O40 98 10 7 [40]

UiO-66NHC(S)NHMe 232 240 - [41]

AMOF-1 71 1440 - [42]

Cu-terephthalate Metal Organic Framework (MOF) 80 120 7 [43]

Dy(BTC)(H2O)(DMF)1.1 5 10 6.5 [44]

ZnO/AC from coconut shell 76.66 - 5.6 [45]

AC from rice straw 36.05 - 5 [46]

AC from palm shell 95.20 - 3.0 and 5.0 [47]

AC/HKUST-1 249.4 15 6.1 This work

4. Conclusions

In this research, we identified a method for successfully producing the nanocomposite
AC/HKUST-1 to adsorb lead ions from an aqueous solution. The novelty of this work lies in
the straightforward and eco-friendly preparation of the nanocomposite AC/HKUST-1 based on
commercially available materials such as HKUST-1 and active carbon from Cortaderia selloana flowers.
Evaluation of diverse parameters, such as dosage, pH, initial concentration of lead ions, and time of
lead adsorption, confirmed a number of attractive properties of AC/HKUST-1, namely its adsorption
capacity; the nanocomposite was able to adsorb 97% of lead ions from an aqueous solution with the
maximum adsorption capacity of Pb (II) onto AC/HKUST-1 being 249.4 mg g−1. Additionally, tests
conducted with the adsorption of other toxic metal ions confirmed that the nanocomposite produced is
relatively selective for lead ions. Combining this with its proven reusability, AC/HKUST-1 has the
potential to serve as a valuable functional material in lead sensors.

Future work will focus on harnessing the properties and adsorption capacity of this material
and integrating it into sensor systems through ink formulations as a functional material. Successful
integration will mean that the resulting sensor has the potential to exhibit enhanced sensitivity, attributed
to AC/HKUST-1’s adsorption capacity of lead ions. Producing this through screen-printing will enable
the up-scaling for potential commercial applications and so the resulting sensor systems can be
produced at low cost and high volume, serving as an important development in lead sensor technology.

The application of sensitive lead sensors manufactured in volume at low cost has great commercial
interest due to an array of potential applications such as industrial processing, biotechnology and
medical diagnostics, particularly in the development of point of care (POC) devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/9/1647/s1,
Figure S1: XRD of as-synthesized and simulated HKUST-1; Figure S2: FTIR spectrum of HKUST-1 and
AC/HKUST-1; Figure S3: EDX spectra of AC, AC/HKUST-1, AC/HKUST-1 before and after adsorption; Table S1:
Brunauer–Emmett–Teller (BET) Analysis, and total pore volume of AC.
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Abstract: A portable reconfigurable platform for hemoglobin determination based on inner filter
quenching of room-temperature phosphorescent carbon dots (CDs) in the presence of H2O2 is
described. The electronic setup consists of a light-emitting diode (LED) as the carbon dot optical exciter
and a photodiode as a light-to-current converter integrated in the same instrument. The reconfigurable
feature provides adaptability to use the platform as an analytical probe for CDs coming from different
batches with some variations in luminescence characteristics. The variables of the reaction were
optimized, such as pH, concentration of reagents, and response time; as well as the variables of the
portable device, such as LED voltage, photodiode sensitivity, and adjustment of the measuring range
by a reconfigurable electronic system. The portable device allowed the determination of hemoglobin
with good sensitivity, with a detection limit of 6.2 nM and range up to 125 nM.

Keywords: carbon dots; hemoglobin determination; luminescence; room temperature phosphorescence;
portable instrumentation

1. Introduction

In recent years, optical chemical sensing has been a growing research area in many scientific fields as
an alternative to expensive and complex conventional analytical procedures [1]. These sensors are based
on the monitoring of different optical parameters to obtain the analyte information, such as absorption [2],
luminescence intensity [3], luminescence lifetime [3,4], or refractive index [5]. Luminescence-based sensors
are highly interesting due to their sensitivity and simplicity, sometimes in combination with smartphones,
resulting in portable devices [6,7]. In addition, detection by phosphorescence at room temperature (RTP)
offers several advantages over fluorescence, including improved selectivity, a lower emission lifetime,
and elimination of spectral interferences from light scattering or autofluorescence.

The present study focuses on the use of the intensity and lifetime of RTP, which allows a sensitive,
fast, and reliable determination of the analyte concentration [8,9]. Different methods exist to obtain
the decay rate of the excited state, which is a measure of luminescence lifetime, some based on
frequency domain analyses, which require costly instrumentation or complex signal processing steps,
such as that proposed by Franke et al. [10] or Chen et al. [11]. Others follow direct time-domain
techniques, which, in most cases, require high-speed complex readout circuits due to their short
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lifetimes [12,13]. However, these solutions disrupt the current trend of wireless chemical sensors
(WCS), which, within the Internet of Things (IoT) paradigm, aims to make ubiquitous analytical
bio-chemical sensing a reality [14]. This paper presents the development and validation of a WCS that
uses room-temperature phosphorescence determination of bio-analytes, hemoglobin in this particular
case, based on a windows-based algorithm implemented in a reconfigurable device [15].

Hemoglobin (Hb) is a protein that plays a vital role in transporting molecular oxygen through
the blood from the respiratory organs (lungs or gills) to the various parts of the body and, in turn,
the main portion of CO2 from the different organs of the body to the respiratory organs. Hb is a
tetrameric metalloprotein that has a quaternary structure composed of four globular protein subunits,
each of which contains a non-protein heme group with an iron atom in the ferrous state chelated to
four rings of protoporphyrin. Currently, the measurement of Hb plays a crucial role in identifying
diseases such as anemia (low Hb level) and polycythemia (high Hb level). The Hb test is also very
important during pregnancy, since these diseases are associated with an increased risk of premature
birth. Different procedures have been proposed for Hb determination in clinical diagnosis such
as optical [16,17], electrochemical [18], or liquid chromatography [19]. A widely used method
is the spectrophotometric procedure based on the Van Kampen–Zijlstra reagent, although it uses
the toxic alkaline cyanide as a reagent among other disadvantages [20]. Several carbon dot (CD)
fluorescent sensors for Hb determination have been published in recent years [21,22]. Therefore, easy,
environmentally friendly, and precise assays for the quantitative analysis of Hb is of interest for clinical
and physiological diagnosis.

Among the current luminescent nanoparticles (NPs) used in these kind of applications, novel CDs
have attracted the interest of many researchers due to their unique properties such as tunable
photoluminescence, wavelength-dependency excitation, good photostability, water solubility, low toxic
effects, and biocompatibility [23,24]. These properties, together with the CDs’ ability to interact with
analytes causing a luminescence quenching, makes CDs a perfect candidate for analyte and bio-analyte
determination [3,15,25]. Recently, the phenomenon of phosphorescence at room temperature has been
described in both solutions and solid state for CDs [26].

Nevertheless, the variability in the optical properties in every batch synthesis of CDs is one of
the limiting factors, when using them is considered for portable instruments, since it would involve
multiple calibration steps, firmware updates, or even hardware changes. To overcome these limitations,
we considered the use of reconfigurable electronics, which makes it possible to adapt the WCS to the
inherent variability in the optical response of different batch syntheses. The feasibility of this approach
has been successfully demonstrated for diverse analog sensing applications, such as temperature
monitoring and electrochemiluminescent determination [27,28]. To that end, we present a portable
instrument with wireless transmission capability for Hb determination using a time domain analysis to
obtain both phosphoresce intensity and the lifetime of a luminescence exponential decay, avoiding the
use of fast instrumentation or high-performance electronics components.

2. Materials and Methods

2.1. Reagents and Materials

All the chemicals used in this study were of analytical quality and were used without further
purification. Anhydrous citric acid, sodium hydrogen phosphate, sodium hydroxide, and hydrochloric
acid were purchased from Panreac Química SLU (Barcelona, Spain). Sodium dihydrogen phosphate,
ethylenediamine, hemoglobin powder, and hydrogen peroxide 30% (v/v) were purchased from Sigma
Aldrich Merck (Madrid, Spain). The phosphate buffers (0.02 M NaH2PO4/Na2HPO4 pH 1.5–9.5) were
prepared by dissolution of the needed reagents in water, and the pH was adjusted by adding 1 M or 0.2 M
HCl and NaOH. The working solutions of H2O2 and hemoglobin were prepared daily with the dilution of
the standards in water. All the aqueous solutions were prepared in purified water (resistance 18.2 MΩ·cm)
obtained from a Milli-RO 12 plus Milli-Q station (Millipore, Bedford, MA, USA).
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2.2. Instrumentation

Microwave MicroSYNTH (Milestone Srl, Sorisole, BG, Italy) was used for CD synthesis.
High-resolution transmission electron microscopy (HR-TEM) images were obtained from an FEI
TITAN G2 60–300 field-emission instrument (Thermo Scientific™, Waltham, MA, USA) equipped
with a HAADF detector. The samples were prepared at room temperature in air by depositing a
drop of aqueous solution of CDs on a commercial 400 μm mesh carbon Cu-grid. Fourier transform
infrared spectra (FTIR) were obtained using a Spectrum Two FTIR spectrometer (PerkinElmer Inc.,
Waltham, MA, USA). The X-ray diffraction (XRD) was carried out on a D2 phaser diffractometer
(Bruker, Karlsruhe, Germany). X-ray photoelectron spectroscopy (XPS) analyses were done on a
Kratos Axis Ultra-DLD (Kratos Analytical, Manchester, UK). All of these studies were performed at
the Centre of Scientific Instrumentation (University of Granada, Spain). Dynamic light scattering
(DLS) measurements were done on a Zetasizer Nanoseries, Nano-ZS90 (Malvern Panalytical, Malvern,
Worsts, UK).

Phosphorescence measurements were obtained with a Cary Eclipse UV–Vis fluorescence
spectrophotometer (Varian Iberica, Madrid, Spain) equipped with a xenon discharge lamp (peak power
equivalent to 75 kW), Czerny–Turner monochromators, and an R-928 photomultiplier tube, which is
red sensitive (900 nm), with manual or automatic voltage controlled by Cary–Eclipse software (Agilent,
Santa Clara, CA, USA, Cary OS/2 software) for Windows 95/98/NT systems. For the spectra of RTP,
the samples were excited at 340 nm and the emission spectra were measured in a wavelength range
of 350 to 650 nm, integration time (tg) of 5 ms, and delay time (td) of 0.2 ms in phosphorescence
mode. The photomultiplier voltage was 800 V, and the excitation and emission slits were 10 nm.
All measurements were made in a quartz cell with a 10 mm optical path. The UV–Vis spectra were
collected using an Agilent 8453 diode array spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA). The pH was measured using a Crison micropH 2000 pH meter (Hach Lange Spain, Barcelona,
Spain). Finally, a proprietary portable device was used to measure the luminescence attenuation at
increasing concentrations of hemoglobin.

2.3. Synthesis of the CDs

In this paper we used one-pot synthesis to prepare soluble CDs in water without any surface
modification by hydrothermal treatment. An aqueous mixture of 10 g of citric acid and 5 mL of
ethylenediamine was heated at 180 ◦C in a 50 mL Teflon-lined steel autoclave for 8 h. After cooling to
room temperature, the resultant yellow solution was centrifuged at 3500 rpm for 10 min. The CDs were
purified by dialysis (cut-off 1 kD) for 24 h to remove unreacted materials. The CDs, synthesized as
a pale-yellow powder (0.2% yield calculated after lyophilization), were stored at room temperature
until their use. A standard solution of 0.24 mg·mL−1 CDs was prepared in water with the help of an
ultrasonic bath sonicator.

2.4. Measuring Setup for the Portable Device

The measuring setup basically consisted of three main blocks: an exciting light source, a photodiode,
and the reconfigurable analog/digital controller. The UV LED EOLD-365-525 (OSA Opto Light, Berlin,
Germany) was used as the excitation source (λ = 365 nm) of the CDs, which were located in a dark
chamber specially designed for this purpose. The luminescence emission was acquired using a photodiode
S2387-66R (Hamamatsu Photonics K.K., Hamamatsu, Japan) aligned perpendicularly with respect to
the emission pattern of the UV LED (as shown in Figure 1). To consider only the effect of the CDs
luminescence, an optical filter (KOOD International, Japan) was placed directly in front of the photodiode
to avoid the influence of undesirable light reflections.
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Figure 1. Block diagram of the developed device showing the electronics module and the
measurement setup.

The control of the excitation LED and the acquisition of the signal from the photodiode were
carried out using a programmable system-on-chip (5LP, Cypress Semiconductor, San Jose, CA, USA),
specifically the CY8CKIT-010 development kit.

This low-power system-on-chip (SoC) has a reconfigurable architecture that integrates a
programmable analog domain together with a powerful signal processing engine (32-bit Arm®

Cortex®-M0+), which allows both analog signal conditioning and digital processing, and provides
a communication control interface.

The block diagram of the developed instrument is schematized in Figure 1. As can be seen,
only the photoelectronic module (LED and photodiode) and the Bluetooth module were the out-of-chip
components. Thus, the signal obtained from the photodiode was fully conditioned using the
analog domain of the PSoC before its conversion to the digital domain using an Analog-to-Digital
Converter (ADC).

2.5. Measurement Algorithm

The phosphorescence intensity and lifetime of the luminescence decay were obtained following a
method similar to that proposed by López-Ruiz et al. [13], which is based on the integration of the
luminescence signal over three different windows of time, as schematized in Figure 2. First, before the
optical excitation of the sample, the signal obtained from the photodiode is integrated over the time
window T1. During this interval the value of the signal is almost constant and corresponds to the offset
due to the photodiode dark current. Secondly, the sample is optically excited after which, once the
luminescence reaches the steady state, the signal is integrated over a time window T2. Finally, the LED
is turned off again and, after waiting a delay time td to avoid the background fluorescence, the signal is
integrated again over the time window T3, which is wide enough to cover the whole decay time.
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Figure 2. Measurement scheme based on three time windows.

Therefore, both the offset (I1) and intensity of the luminescence in excited steady state (I2) can be
obtained from Equation (1).

Ii =
Di
Ti

, i = 1, 2 (1)

where Di is the result of the integration of the signal over the time window Ti.
Moreover, it has already been demonstrated that for a time window much longer than the lifetime,

T3 � τ, the value of the mean lifetime of an nth-order exponential can be obtained assuming a
mono-exponential decay with notional lifetime τ [20]. Thus, the integration of the decay over the time
window T3 results in

D3 =

∫ T3

td
(I2e−(t/τ) + I1)dt � I2τ+ I1(T3 − td) (2)

provided that T3 � τ and td � τ.
Then, the lifetime can be determined from Equations (1) and (2) as follows:

τ =
D3 − D1

T1
(T3 − td)

D2
T2

(3)

Furthermore, we also obtained the ratio of change in the amplitude of the phosphorescence decay
in order to calculate the concentration of the analyte. For that, we used the area measured over the
time window T3, as indicated in Equation (4).

I0

Ii
=

D30 − D1
T1
·T3

D3i − D1
T1
·T3

(4)

where I0 is the amplitude in absence of the analyte, and Ii this e amplitude obtained for a given
analyte concentration.

2.6. Room-Temperature Phosphorescence Hb Determination

The typical procedure was carried out as follows: A series of solutions from 0.24 mg·mL−1 CDs to
15 mM H2O2 were prepared and diluted to 3 mL with phosphate buffer (0.02 M NaH2PO4/Na2HPO4,
pH 4.7) to achieve the final concentration of 2.8 × 10−3 mg·mL−1 of CDs and 0.5 mM H2O2. Next,
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increasing volumes of the 300 μM Hb stock solution to calibrate or Hb containing the sample were
added to previous solutions, and the RTP intensities of the solutions were determined after 5 min at
room temperature using standard 10 mm quartz cells. The average of the data from three independent
measurements were obtained. The same procedure was applied to the preparation of the samples for
Hb determination using the portable device.

2.7. Real Sample Measurement

Blood samples were obtained from laboratory volunteers; 10 μL of sample were diluted to 7 mL with
Milli-Q water and incubated for 30 min to release the Hb from the red blood cells. After centrifugation at
3000 rpm for 10 min, 10μL of the sample were added to 3 mL of buffer solutions with of 2.8 × 10−3 mg·mL−1

CDs and 0.5 mM H2O2. Then, the procedure for Hb determination was applied.

3. Results and Discussion

3.1. Carbon Dot Characterization

In general, the formation of CDs doped with N mainly involves two processes: condensation and
carbonization. During these processes, the carboxyl and hydroxyl groups of citric acid
and the amino groups of ethylenediamine undergo complex condensation and carbonization
reactions involving intramolecular condensation to form small-molecule fluorophores, such us
5-oxo-1,2,3,5-tetrahydroimidazo[1,2a]pyridine-7-carboxylic acid [29] as well as carbon core-containing
nitrogen-doped carbon dots. The resulting molecular fluorophores are hypothesized to be located on the
surface and/or inside the CDs.

The size, morphology and structure of the synthesized CDs were studied by HR-TEM, EDX, XPS,
FTIR, and XRD. The HR-TEM image of the CDs (Figure 3A) shows that the CDs were spherical with a
low degree of agglomeration. The particle size distribution histogram was obtained from HR-TEM
and presented in Figure 3A. The sizes of CDs were distributed in a narrow range of 1–5 nm with an
average particle size of 2.5 nm in HR-TEM, and particle sizes of CDs obtained by DLS measurement
(Figure 3B) were shown to be ~10 nm, which is the normal size of CDs. Elemental analyses by EDX
were performed to discover the composition of the CDs, showing that C, N, and O atoms were present
in the composition of CDs (see Figure 3C). XRD was carried out, as seen in Figure 3E. A diffraction
peak was observed at 2Φ = 21.5◦, which is typical for the amorphous crystal phase.

The FTIR spectrum of the CDs (Figure 3F) showed the characteristic bands of COOH stretching at
3440 cm−1 and 1637 cm−1; NH bending at 1585 cm−1; C–N stretching at 1122 cm−1; and CH asymmetric
and symmetric stretching at 2950 and 2820 cm−1, respectively. These data suggest the presence of
different functional groups such as –OH, –COOH, and –NH2 on the surface of CDs [30].

Additionally, the elemental composition of the CDs was performed by XPS surface analysis.
As expected, the obtained data for the elemental composition of the CDs indicate the presence of a
carbon peak (C1s) at about 284 eV, an oxygen peak (O1s) at about 530 eV, and a nitrogen peak (N1s) at
about 398 eV. Additionally, the atomic quantification shows 69.37% C1s, 16.62% O1s, and 14.02% N1s
atoms, (Figure 3D).

3.2. Optical Properties of the Synthesized CDs

The presence of different surface groups such as hydroxyl, amine, or carboxyl on CDs improves
their stability and modulates the luminescent properties, paving the way for new sensing applications.
The prepared CDs showed a UV–Vis absorption spectrum with a maximum at 350 nm, attributed to the
n–π * transition of C=O bonds [31] (Figure 4A), and an emission spectrum ranging from approximately
400 to 550 nm, with an emission behavior independent of the excitation, and a maximum luminescence
wavelength at 442 nm, with a full width at half maximum (FWHM) of around 110 nm (Figure 4B).
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Figure 3. Characterization of carbon dots (CDs). (A) HR-TEM image; (B) CDs size distribution using
DLS; (C) EDX spectrum. (D) XPS spectra: C1s peak: 284 eV; N1s peak: 398 eV, and O1s peak: 530 eV.
(E) XRD pattern and (F) FTIR spectrum of CDs.

 
Figure 4. (A) UV spectra of CD solution (2.8 × 10−3 mg·mL−1 CDs, blue line), Hb solution (0.5 μM Hb,
green line), and CDs/Hb solutions (yellow line), all in 0.02 M NaH2PO4/Na2HPO4 (pH = 4.7) buffer.
(B) Room temperature phosphorescence spectra of CD solution (2.8 × 10−3 mg·mL−1 CDs), blue line
excitation spectrum and red line emission spectrum. (C) Normalized photoluminescence decay for
different Hb concentrations. The offset of the curves was removed.

165



Nanomaterials 2020, 10, 825

It must be taken into account that for the synthesized carbon dots, they exhibited two
photoluminescence processes that competed simultaneously (that is, fluorescence and phosphorescence
emissions), both emitting near the same spectral range.

Yan et al. [32], in his study of the same CDs studied by us from citric acid and ethylenediamine,
attributes the observed phosphorescence to both the aromatic carbonyl groups present and to the
graphitic structure of the CDs, which is similar to the aromatic polycyclic structure; these polycyclic
aromatic hydrocarbons are a family of compounds well known for their phosphorescent properties.

The relative fluorescence quantum yield (QY) of the CDs was determined using a slope method
described in the literature [33]. The relative QY fluorescence of the CDs obtained using quinine sulfate
as standard was 0.41 ± 0.05 as the average of three measurements.

3.3. The Mechanism of Quenching Carbon Dots Luminescence by Hb

The Hb spectrum presented a significant band at 407 nm and another minor band at 280 nm.
The aqueous solution of luminescent CDs upon addition of Hb showed an overlap in the absorption
spectra, a quenching, and a small red-shift in their emission spectra. The quenching was attributed to
the inner filter effect (IFE) by the partial overlap of the Hb spectra with the CDs emission spectra [34].
To confirm this mechanism, in addition to the overlap in the spectra, we calculated the lifetimes of the
system. This was confirmed by the phosphorescence lifetime calculated with the portable instrument
(see Figure 4C), in which these decays had a mean lifetime of τ = 228.8 ± 4.5 ms, which was calculated
using a time window of T1 = T2 = T3 = 1.5 s and a time delay of td = 1 ms. These results show that
the developed portable instrument is capable of measuring phosphorescent lifetimes, which is very
interesting for future sensing applications.

Moreover, the addition of H2O2 to the solution containing CDs and Hb dramatically increased the
luminescence quenching of CDs. Barati et al. [31] suggest a different quenching mechanism from IFE.
In short, in the first step, Hb reacts to H2O2 generating reactive oxygen species (ROS), mainly hydroxyl ◦OH
and superoxide O◦−2 radicals, which occurs with heme group degradation and iron release. The subsequent
oxidation of the surface hydroxyls of the CDs modifies the surface structure, leading to luminescent
quenching [35].

3.4. Assay Optimization

Firstly, a study of the effect of the solution reaction time, pH, and H2O2 was conducted.
The equilibration time was studied, finding that 6 min is sufficient to obtain stable measurements.
The influence of pH on the response was investigated in the range of 1.5–9.5 (0.02 M NaH2PO4/Na2HPO4

buffer). As shown in Figure 5A, the greatest attenuation occurred at pH 4, dramatically decreasing in both
more acidic and basic media. Likewise, the concentration of H2O2 exerted a great effect on the attenuation
of luminescence (Figure 5B), with 0.5 mM being the optimal value.

3.5. Prototype Implementation and App Application

As described above, the phosphorescence intensity and lifetime measurement algorithm was
implemented in a reconfigurable device whose full hardware configuration is shown in Figure 6
and implemented in the portable device in Figure 7. This design was implemented using the PSoC
Creator Integrated Design Environment (IDE), which makes it possible to configure the different
hardware modules and implement the firmware. As seen in Figure 1, the LED driver responsible
for controlling the excitation source was implemented through a pulse-width modulation (PWM)
module. This module generates two digital signals, which are connected to two hardware triggered
interrupts to turn on/off the LED. This implementation based on interruptions makes it possible to
monitor the time intervals in which the excitation LED is turned on/off very accurately. The signal
obtained from the photodiode is amplified (Av = 4 V/V) using a programmable gain amplifier (PGA)
to adapt the signal to the dynamic range of the analog digital converter (ADC) module, which was
configured as singled-ended. The ADC converts the signal recorded from the photodiode to the digital

166



Nanomaterials 2020, 10, 825

domain at a sampling rate of 250 kHz and a resolution of 12 bits, generating an end of conversion
(EOC) interruption every time that a new conversion is completed. Therefore, the integration of the
signal over each time window yields Equations (5) and (6) as follows:

Di =

N=
Ti
Ts∑

j=0

VADC j·TS = FS·
Ti·FS∑
j=0

VADCj , i = 1, 2 (5)

D3 =

N=
T3
Ts∑

j=0

(VADCj −
D1

T1
)·TS = FS·

T3·FS∑
j=0

(VADC j − D1

T1
) (6)

where TS and FS are the sampling period and the sampling frequency, respectively, and VADCj is the
value of the jth conversion.

Figure 5. (A) pH dependence of luminescence quenching; 2.8 × 10−3 mg·mL−1 CDs, 0.5 mM H2O2,
1 μM Hb in 0.02 M phosphate buffers. (B) Influence of H2O2 concentration on luminescence quenching;
2.8 × 10−3 mg·mL−1 CDs, 0.15 μM Hb in 0.02 M NaH2PO4/Na2HPO4 pH = 4.7 buffer.

 
Figure 6. Diagram block of the developed instrument showing the electronics part and the
measurement setup.
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Figure 7. A 3D model (A) and real view (B) of the final portable instrument.

Once the lifetime is calculated using Equation (3), it is sent by the Bluetooth interface, implemented
as an external Bluetooth Low-Energy (BLE) module based on the CC2541 system-on-chip (SoC)
(Texas Instrument, Dallas, TX, USA). A full-duplex universal asynchronous receiver-transmitter
(UART) module is the interface with the BLE module, which works as a slave of a central/master device.
In this work, the master device is a smartphone that runs an app for data visualization and triggers
new measurements.

3.6. Interference Study

One of the major challenges in the determination of Hb is the selectivity required in the presence
of interfering ions and various biologically important species commonly found in real samples that
may hamper the analytical application to Hb sensing. To evaluate whether this approach is highly
specific for Hb, the quenching of CD suspensions was recorded in the presence of different interfering
species, both molecules and ions (final concentration of 10 μM) typically found in blood samples,
i.e., ascorbic acid, glucose, uric acid, K+, Mg2+, Na+, and Ca2+. None of these species elicited a
discernible effect on the phosphorescence response of CDs/H2O2 for the determination of Hb (Figure 8).
These results confirm that neither inorganic nor organic analytes found in blood interfere with our
assay, validating the selectivity of the phosphorescence system towards Hb.

Figure 8. Selectivity of RTP assay. Response of interferents (10 μM for ascorbic acid, glucose, and uric
acid and 0.1 mM for cations) and response of Hb (100 nM) in the presence of interferents.
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3.7. Analytical Characterization of the Portable Luminescent Instrumentation

The feasibility of the developed instrument was tested using the CDs as a phosphorescent
probe and measuring the change in quenching phosphorescence in the presence of Hb at different
assay concentrations.

Furthermore, we extracted the intensity-based (I0/I) Stern–Volmer plot using Equation (4) for the
different Hb concentrations. This plot makes it possible to define a calibration function to determine
the concentration of analyte (Hb) from the ratio between the intensity in the absence of Hb and the
intensity measured for a certain concentration of Hb. The calibration function obtained in this case is
indicated in Equation (7), a linear dynamic range from 19 nM to 125 nM and a correlation coefficient of
0.9976. The LOD was calculated using the standard criteria, namely LOD = 3σ/slope, where σ is the
standard deviation (n = 20) of the difference in luminescence intensity between a CD solution and a
blank solution; in this case, the criterion for the quantification limit (LOQ) was 10σ/slope. With this
criterion, the value of the LOD was 6.2 nM, and the LOQ was 18.8 nM. Then, the Hb concentration
could be extracted using this calibration curve and the ratio of intensities previously measured. Finally,
this value was sent by the Bluetooth interface to the Android app (Figure 9). The app, in addition to
simply working as a display of this value, is also used to trigger new measurements. A comparative
study of different analytical performance for colorimetric and fluorimetric detection of GSH is presented
in Table 1.

I0

I
= 320·10−6·Hb + 1; R2 = 0.9976 (7)

3.8. Application to Real Sample Analysis

Despite the good selectivity of phosphorescence CDs to detect Hb in the presence of interfering ions,
the problem of unspecific interferences is hard to tackle due to the inherent compositional complexity of
real biological samples. To validate the selectivity of the proposed assay for Hb determination in blood,
samples from two healthy human volunteers were analyzed after a large dilution of samples to reduce
any interference. Moreover, the quantification after addition of a known amount of Hb (0.040 and
0.080 μM) in the diluted blood samples showed a good recovery percentage (Table 2). These results
demonstrated the good accuracy of phosphorescence CDs for Hb determination in human blood.

Figure 9. (A) Intensity based (I0/I) Stern–Volmer plot for different concentrations of Hb. Inset shows a
UV-illuminated photograph of CDs with different concentrations of Hb. (B) App screenshot showing
the result of one measurement.
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Table 1. Comparison of performance of proposed method for Hb with literature.

Method Materials Linear Range (nM) LOD (nM) References

Colorimetry Curcumin nanoparticles 15.5–620 1.55 [16]

Colorimetry G-quadrupolex DNAzymes 1–120 0.64 [36]

Fluorimetry Molecular Imprinting Polymers 25–3000 7.8 [21]

Fluorimetry Terbium complexes 9–540 3 [37]

Fluorimetry CdHgSe QDs 4–440 2 [38]

Fluorimetry CDs 1–4000 0.12 [39]

Fluorimetry BSA-AuNCs 1–250 0.36 [17]

Fluorimetry AuNCs 10–2000 5 [22]

Fluorimetry Silicon nanoparticles 50–4000 40.0 [40]

RTP CDs 19–125 6.2 This work

Table 2. Hb determination in real blood samples.

Samples

Concentration of Hb

Recovery %Detected
(μM)

Blood
(mM)

Added
(μM)

Recovered
(μM)

Volunteer 1 0.050 10.500
0.040 0.052 93.6
0.080 0.085 105.9

Volunteer 2 0.045 9.450
0.040 0.038 95.0
0.080 0.087 108.4

4. Conclusions

The determination of Hb was carried out using a portable reconfigurable device developed in
our laboratory for the room-temperature phosphorescence measurement of CDs. The development
sensor combines the nanoparticles with the RTP detection, resulting in a significant improvement in
the selectivity and sensitivity of the detection of Hb.

The portable device allowed for the determination of Hb with good sensitivity, and a detection
limit of 6.2 nM for Hb was reached within a linear range up to 120 nM in concentration.
The analytical applicability of the portable instrument was successfully demonstrated by blood
analysis. The adjustment of the measuring range using a reconfigurable electronic system has great
potential for future applications. This instrument offers the advantages of versatility, portability and
accuracy for RTP measurements.
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Abstract: Graphene is a promising platform for surface-enhanced Raman spectroscopy (SERS)-active
substrates, primarily due to the possibility of quenching photoluminescence and fluorescence.
Here we study ultrathin gold films near the percolation threshold fabricated by electron-beam
deposition on monolayer CVD graphene. The advantages of such hybrid graphene/gold substrates
for surface-enhanced Raman spectroscopy are discussed in comparison with conventional substrates
without the graphene layer. The percolation threshold is determined by independent measurements
of the sheet resistance and effective dielectric constant by spectroscopic ellipsometry. The surface
morphology of the ultrathin gold films is analyzed by the use of scanning electron microscopy (SEM)
and atomic force microscopy (AFM), and the thicknesses of the films in addition to the quartz-crystal
mass-thickness sensor are also measured by AFM. We experimentally demonstrate that the maximum
SERS signal is observed near and slightly below the percolation threshold. In this case, the region of
maximum enhancement of the SERS signal can be determined using the figure of merit (FOM), which
is the ratio of the real and imaginary parts of the effective dielectric permittivity of the films. SERS
measurements on hybrid graphene/gold substrates with the dye Crystal Violet show an enhancement
factor of ~105 and also demonstrate the ability of graphene to quench photoluminescence by an
average of ~60%.

Keywords: surface-enhanced Raman scattering; graphene; ultrathin gold films; spectroscopic
ellipsometry; percolation threshold

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) [1–4] is a powerful and highly selective tool
that allows researchers to identify chemical compounds and determine the structure of materials
and molecules based on their specific vibration bonds. SERS utilizes strong electromagnetic field
enhancement (FE) which occurs due to resonantly excited surface plasmons, i.e., collective electron
oscillations on a metal surface coupled to electromagnetic fields in dielectric media [5–8]. The spectral
position of the resonances is tunable through a variety of parameters, such as metal, geometry, the
composition of nanostructures [9,10], or also size and shape, in the case of nanoparticles (NPs) [6,7,11,12].
Plasmonic nanostructures can be used for SERS applications, thus allowing for the detecting of molecules
at very low concentrations (in the order of nM) and is of great interest in practical developments in the
field of sensory, biochemistry, and medical diagnostics [1,13–16].
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Various strategies have been suggested to realize a strong and robust FE effect. One of the ways to
get strong FE is to create structures with so-called “hot spots” [17–19] that are formed in the interparticle
spaces of about 1–3 nm. One of the easiest and cheapest methods for the fabrication of large-area SERS
substrates relies on the usage of semi-continuous metal films near the percolation threshold [20–22],
the critical point at which individual metal clusters start forming connected structures across the
substrate domains [20,23,24]. The concentration of such hot spots (along with the average value of the
SERS signal gain) is expected to be maximal near the percolation threshold [22,25]. These films are
usually prepared by the high-vacuum evaporation of a noble metal (gold, silver, or copper) onto a
supporting substrate (semiconductor or dielectric). The presence of two-dimensional materials on
the surface of the substrate leads to a change in the kinetics of metal growth, which affects the optical
properties of the thin metal films [26,27] and the critical thickness that determines the percolation
threshold. These changes provide additional options for modifying SERS substrates. In addition, the
usage of two-dimensional materials such as graphene can significantly improve the performance of
SERS substrates and extend their in vivo applications [28,29]. Graphene was chosen as a basis for one
type of substrate due to its unique physical properties [30,31]. The interest in graphene is mainly due
to its biocompatibility and ability to quench photoluminescence [32,33].

As previously shown by near-field and two-photon luminescence microscopy [22,25], the strongest
FE is generated near the percolation threshold. The presence of such strong FE has recently allowed
the realization of the color printing and laser-induced modification of local resonance properties
in near-percolation metal films [34–36]. However, there are still no systematic studies of SERS
signal dependence on the thickness of thin films near and far from the percolation threshold and
applicability of such thin films for SERS. In papers where thin films of gold and silver were used
for SERS application [37–39], the percolation threshold wasn’t clearly defined and/or the obtained
results were not tied to such a concept as the percolation threshold. This is important because the
percolation threshold can vary and depends on factors such as the substrate, deposited metal, methods
of deposition, the deposition rate. Thus, the percolation threshold can vary and can be uniquely
identified by electrical and/or optical methods [22–24,40–42].

In this research, we focus on a comprehensive analysis of ultrathin gold films with thicknesses
close to the percolation threshold, deposited on SiO2/Si wafers with and without a single-layer CVD
graphene for SERS applications.

2. Materials and Methods

2.1. Sample Fabrication

The ultrathin gold films with thicknesses ranging from 3 to 10 nm with a step size of 1 nm were
deposited onto two types of substrates. The first type was a silicon wafer with a thin 90 nm thick layer
of SiO2 on the surface (SiO2/Si). The second one was the same silicon wafer, but with a single-layer
of CVD graphene, which covered more than 95% of the substrate area (graphene/SiO2/Si). Before
metal deposition, the graphene substrates were annealed at 250 ◦C in a vacuum chamber 10−6 Torr
for 1 h to remove residual PMMA and water. The thin gold films for all types of substrate were
deposited in one mode by electron beam evaporation in a Nano Master NEE-4000 (NANO-MASTER
Inc., Austin, TX, USA) installation at a high vacuum, with the pressure of residual gases in the chamber
being no more than 5 × 10−6 Torr and a deposition rate of 0.5 Å/s, at room temperature (23 ◦C). Each
thickness of the gold film was deposited simultaneously for both types of substrate in one cycle. As a
material for deposition, granules of gold produced by Kurt J. Lesker with a purity of 99.999% were
used. The quoted “thickness” of the gold films are the average nominal coverage values measured by
the quartz oscillator.
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2.2. Scanning Electron, Atomic Force Microscopy and Electrical Measurements

The fabricated films were subsequently imaged by scanning electron microscope (SEM) JEOL
JSM-7001F (JEOL Ltd., Tokyo, Japan). The thickness of the films and their roughness were measured
by an atomic force (AFM) neaSNOM Microscope (neaspec GmbH, Munich, Germany). Electrical
measurements were carried out using a 4-probe station (Jandel Engineering Ltd., Linslade, UK) from
Jandel with a collinear geometry of the location of the probes and started with 10 nA, gradually
increasing the current to 100 μA.

2.3. Ellipsometry Characterization

The dielectric function spectra of the Au thin film were evaluated from data measured using a
variable-angle spectroscopic ellipsometer (WVASE®, J. A. Woollam Co., Lincoln, NE, USA) operating
in the wavelength range of 280–3300 nm. The data were collected at multiple angles of incidence from
65◦ to 75◦ with a step of 5◦ and the optical constants of the gold films were obtained by point-by-point
fitting of the ellipsometry spectra with 10 nm steps [43]. To be included in the ellipsometry model, the
optical constants for graphene were taken from the work [44].

2.4. Raman Characterization

The experimental setup used for Raman measurements was a confocal scanning Raman microscope
Horiba LabRAM HR Evolution (HORIBA Ltd., Kyoto, Japan). All measurements were carried out using
linearly polarized excitation at a wavelength of 632.8 nm, 300 lines/mm diffraction grating, and ×100
objective (N.A. = 0.90), whereas we used unpolarized detection to have a significant signal-to-noise
ratio. The spot size was ~0.43 μm. The Raman spectra were recorded with 0.26 mW incident powers
and an integration time of 1 s at each point. The statistics were collected from 15 × 15 points maps with
a step of 0.8 μm from at least 10 different places of the sample. These scan parameters were selected as a
compromise between minimum damage/bleaching of the dye molecules and significant signal-to-noise
ratios. Raman dye Crystal Violet (CV) was used for the Raman characterization. Directly before the
Raman measurement, the gold films deposited on two substrates (SiO2/Si and graphene/SiO2/Si) were
covered by an aqueous 10−6 mol/L solution of CV for approximately 1 h and subsequently gently
blown dry with compressed air.

3. Results

The ultrathin gold films with thicknesses ranging from 3 to 10 nm with a step of 1 nm were
deposited onto two types of substrate—SiO2/Si (Figure 1a) and graphene/ SiO2/Si (Figure 1b). The
quality of monolayer graphene [45,46] was assessed with Raman spectroscopy (Figure 1c). From the
optical image of the substrate surface and image obtained by Raman microscope, it can be seen that
graphene uniformly covers the surface of the substrate without cracks and voids (Figure S1).

The ratio of G and 2D bands (~0.6) indicates the single layer of graphene [46,47], and the ratio of
the D and G bands (~0.09) indicates a low concentration of defects [47,48]. Additionally, the 2D band
exhibits a single Lorentzian peak, while in the case two or more layers, it has broadband, which can
be fitted by several Lorentzian peaks. Therefore, the profile of the 2D band is also used to identify
monolayers [46]. All thicknesses of the deposited gold films were monitored both by a quartz sensor
in the deposition installation and by independent measurements of the thickness by AFM at the border
with a scratch (Figure 1a,b). SEM images of gold films with thicknesses of 3, 5, 7 and 9 nm (Figure 2)
deposited on graphene/ SiO2/Si and SiO2/Si substrates show thin-film growing dynamics. The gold
clusters grow faster along the substrate plane than in height. So, the individual clusters gradually begin
to form a labyrinthine structure with increasing thickness and finally constitute an almost continuous
film on both substrates. This can be seen in more detail in Figure S2, where SEM images for the films
with thicknesses from 3 to 10 nm and a step of 1 nm are presented. Metal–graphene contact has been
studied in some detail [49], and therefore it is known that the growth of metals on the surface of
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graphene differs markedly from the growth of metals on SiO2/Si substrates. Figure 2 and Figure S2
reflect this difference in film formation. Gold films with the same thickness deposited on graphene,
consist of clusters with smaller sizes compared to gold films deposited on pure SiO2/Si substrates
(Figure 2a–d). The distances between these clusters are also less than for clusters formed on substrates
without graphene. Thus, a gold film on graphene covers a larger area of the substrate compared to a
film on a SiO2/Si substrate of the same thickness. This could be due to the greater adhesion of gold and
SiO2 in comparison to the adhesion between gold and graphene [49].

 

Figure 1. Schematic (top) and atomic force microscopy (AFM) (bottom) images and their cross-section
of the edge of the gold film with a thickness of 4 nm deposited on (a) SiO2/Si and (b) graphene/ SiO2/Si
substrates. (c) Raman spectra of monolayer CVD graphene. The insert in (c) is a Raman map of
graphene before the deposition of the gold film.

 

Figure 2. SEM images of the morphology the gold films deposited on the SiO2/Si substrate with
thicknesses (a) 3 nm (b) 5 nm (c) 7 nm (d) 9 nm and on the graphene/SiO2/Si substrate with thicknesses
(e) 3 nm (f) 5 nm (g) 7 nm (h) 9 nm. The scale bar is 200 nm.

Routinely, the thickness of the deposited films is estimated by the quartz sensor in an electron
beam evaporation installation, but the real thickness can be different. For the gold films, the quoted
“thickness” is the average nominal coverage measured by the quartz oscillator. We accurately measured
the thickness of the gold films and their roughness by AFM and compared how the obtained values
correlate with the detector readings. The results of the AFM measurements are presented in Table 1.
As can be seen from the table, the sensor values and the measurements by AFM can vary significantly.
This is especially noticeable for thicknesses up to the percolation threshold. In cases when the thickness
increases and a continuous film is practically formed, the thicknesses measured by AFM are closer to
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the sensor data/results. Apparently, this behavior can be explained by the density of “packing” for the
metal on the surface. The packing density for thicknesses of metal up to the percolation threshold
can be highly dependent on the adhesion between the metal and the substrate. In this case, the metal
continues to build up thickness on the clusters, while slowly filling the voids between them. Whenever
a continuous film is mostly formed, the metal is already deposited onto the formed film, and this can
occur more evenly. If the present tendency for the thicknesses (measured using an AFM and with a
quartz sensor) before and after the percolation threshold looks common for both types of substrates,
then in the case of roughness the other behavior is observed. The example of typical AFM images and
their profiles presented for a thickness of 4 nm (Figure 1a,b), demonstrate that the roughness of films
on graphene/SiO2/Si substrate is greater than on SiO2/Si. The data in Table 1 show the distinction in
the roughness of films on different substrates.

Table 1. Measured thicknesses of gold films using AFM in comparison with quartz sensor readings in
an electron beam evaporation installation.

h (Quartz Sensor),
nm

Graphene/SiO2/Si SiO2/Si

h, nm MSE, nm h, nm MSE, nm

3 4.5 0.8 3.4 0.4
4 5.2 0.7 5.1 0.5
5 6.9 0.7 5.9 0.4
6 7.9 0.8 6.7 0.4
7 8.1 0.7 7.5 0.3
8 8.8 0.7 8.3 0.4
9 10.1 0.6 9.5 0.4
10 10.9 0.7 10.3 0.4

Although we have shown the difference in thicknesses between those measured by AFM and by
the quartz sensor, in the further representation of the experimental data we used the thicknesses given
by the quartz sensor. Before the Raman measurements, we found a percolation threshold for deposited
films by electrical and optical methods. The percolation threshold for films on the SiO2/Si substrate can
be determined by sheet resistance measurements [23,41]. The experimental setup can be seen in the
Supplementary Materials (Figure S3). The average sheet resistance for each of the thicknesses of the
gold films is shown in Figure 3. The gold films deposited on a SiO2/Si substrate begin to conduct at
thicknesses of 8 nm. Therefore, we can assume that the percolation threshold for such films is between
7 and 8 nm. Because graphene has very high electrical conductivity, the definition of the percolation
threshold for the graphene/SiO2/Si substrate is more complicated than for previous samples, since this
type of sample has conductivity at all thicknesses due to graphene. The sheet resistance of graphene
was measured and the value ranged from 700 to 1600 Ω/sq. For films on graphene/SiO2/Si substrate,
conductivity is observed over the entire range, but films can be considered percolated when their sheet
resistance is much lower than the sheet resistance of graphene. According to this criterion, we can
estimate that the percolation threshold is between 5 and 6 nm. Mostly, electrical measurements are
enough to uniquely determine the film thickness at which there is a percolation threshold.

However, as we cannot uniquely determine these thicknesses for the gold films on the
graphene/SiO2/Si substrate, we used ellipsometry as an additional method to determine the percolation
threshold. Ellipsometry measurements give effective optical constants of gold films and can be used to
determine the percolation threshold.

The dielectric function spectra of the gold thin films [50,51] were evaluated from data (for
an exemplified spectrum see Supplementary Materials Figure S4) measured using a variable-angle
spectroscopic ellipsometer over a wavelength range from 280 to 3300 nm and are presented in Figure 4.
The real part of the dielectric function of gold becomes less than zero in all measured wavelength range,
for the films on SiO2/Si substrate starting from 8 nm (Figure 4a) and starting from 6 nm for the films on
graphene/SiO2/Si substrate (Figure 4b). This means that the behavior of these curves (plotted as solid
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lines) is getting closer to the values of a continuous metal film. Analyzing the behavior of the curves
which characterize the imaginary part of the dielectric function, it is clear to see that with an increase in
the thickness of the gold films the curves take a different form all the time and transients occur (dashed
lines), but starting from a certain thickness the curves take the same form, and the transients stop (solid
lines). For the films on SiO2/Si substrate, the curves exhibit more typical behavior for the continuous
film starting from 7 nm (Figure 4c) and for films on graphene/SiO2/Si substrate after 6 nm (Figure 4d).

 

Figure 3. Dependence of the sheet resistance of gold films on their thickness for the two types
of substrates.

 
Figure 4. Dependence of the real and imaginary parts of the dielectric function on the thicknesses of
gold films deposited on (a,c) SiO2/Si and (b,d) graphene/SiO2/Si substrates. FOM for gold films on
(e) SiO2/Si and (f) graphene/SiO2/Si substrates. The dashed and solid lines correspond to percolated
and continuous films, respectively.
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In order to compare the metallic optical properties of films on two substrates, we calculated
the plasmonic figure of merit (FOM), which is equal to −ε’/ε” and is presented in Figure 4e,f. FOM
curves on the graph become higher as the film thicknesses increase and their specific behavior clearly
demonstrates a difference in the quality [51] of the films on SiO2/Si (Figure 4e) and graphene/SiO2/Si
(Figure 4f) in the infrared range for thicknesses from 3 to 7 nm. Starting from 8 nm for SiO2/Si and
from 7 nm for graphene/SiO2/Si, the slope of curves in the infrared region changes sign from negative
to positive. From this, we concluded that the percolation threshold for films on the SiO2/Si substrate is
between 7 and 8 nm, which correlates well with the electrical measurements.

Since the data obtained by ellipsometry have a good agreement with the electrical measurements
for the films on the SiO2/Si, we can apply similar reasoning to estimate the percolation threshold
for the films on the graphene/SiO2/Si substrate. The estimation exhibits the value between 6 and
7 nm, which is close to the region estimated by the electrical measurements. Thus, based on the
measurements mentioned above, we can conclude that the percolation threshold for our gold films on
the SiO2/Si substrate is between 7 and 8 nm and for the gold films on the graphene/SiO2/Si substrate
is between 6 and 7 nm. In order to compare the hybrid graphene/gold substrates and substrates
without graphene and estimate the enhancement factor of fabricated films, we used Raman microscopy.
After the abovementioned measurements, all of the samples were covered by Raman dye CV (see
Section 2). This Raman-active dye is chosen for its well-known and well-characterized properties. CV
is a resonant dye for our excitation wavelength and can be a good marker to estimate the luminescence
quenching. The dependence intensity of the SERS spectra on the gold film thickness is seen in Figure 5.
The intensity gradually increases with increasing gold thickness from 3 nm to 7 nm in the case of
films on the SiO2/Si (Figure 5a,b) and from 3 to 6 nm for the films on the graphene/SiO2/Si substrates
(Figure 5c,d), respectively. The increased intensity of the SERS spectra for these films corresponds to
increased FE, due to a decreased gap between the clusters. The maximum SERS signal was obtained for
the gold films with thicknesses of 7 nm on the SiO2/Si and of 6 nm on the graphene/SiO2/Si substrates.
This corresponds to the thicknesses defined as the percolation threshold by electrical and optical
measurements. This is the case when the interparticle spaces lead to the formation of “hot spots” in the
nano-gaps between clusters and as a result, to maximizing the intensity of the SERS spectra. Then, the
intensity of the signal begins to decrease with increasing film thickness and reaches the minimum at a
thickness of 10 nm for both types of substrate.

It can be expected that the intensity of the SERS signal should also be high for the thicknesses of
adjacent films closest to the percolation threshold. These expectations are met for some thicknesses
below to the percolation threshold; however, when the film thickness is above, the signal intensity
drops down (Figure 5b,d). This can be explained due to the fact that up to the percolation threshold,
the signal intensity of SERS depends on the number of “hot spots”, the size and shape of clusters, and
the distance between them. In the case when the film turns into a continuous film, the number of hot
spots drops sharply, as the part of clusters merge and form a continuous film. However, the SERS
signal is still present and contribution to which gives the roughness, as well as the still presence of not
merged individual clusters.

Additionally, we would like to draw attention to one interesting and important feature, the strong
correlation between the calculated plasmonic FOM and measured SERS spectra. Indeed, the maximum
SERS signal for both types of substrate (Figure S5) corresponds to zero slopes of the FOM curves in the
infrared region, which are highlighted in bold (Figure 4e,f). For the island films, the slope of the curve
in the infrared region takes a negative value and monotonically increases with increasing thickness,
and for already percolated films, the slope takes a positive value. So, we suppose that the FOM curves
can be used as a criterion for finding the percolation threshold and, accordingly, the film thicknesses
that contribute to the maximum enhancement factor (EF).
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Figure 5. SERS spectra of Crystal Violet (CV) absorbed on the gold films with thicknesses from 3 to
10 nm, deposited on (a,b) SiO2/Si and (c,d) graphene/SiO2/Si substrates. (b,d) the SERS spectra of CV
after subtracting the baseline.

The comparison of the obtained Raman spectra clearly demonstrates the difference in the level
of fluorescence for the hybrid graphene/gold substrates and substrates without the graphene layer.
In the presence of graphene, the luminescence level is much lower than without it (Figure 5a,c). The
estimation shows that the presence of graphene on the substrate contributes to quench luminescence
of CV by an average of ~60%. Note that for the gold thicknesses of 8–10 nm, the level of luminescence
is almost the same for both SiO2/Si and graphene/SiO2/Si substrates. For these thicknesses, films are
already continuous, and there is no interaction between the dye molecules and graphene.

For the calculation of enhancement, we use the analytical enhancement factor (EF) expression,
which quantifies how much more signal can be expected from SERS in comparison with normal Raman
for the same experimental parameters [52]. The average EF is determined by comparing the signals
recorded from CV at a concentration of 10−2 mol/L on a silicon substrate, with the signals obtained
with a concentration 10−6 mol/L of CV on the gold films with thicknesses from 3 to 10 nm deposited on
different substrates. The following relation was used:

EF =
ISERS
Ire f

Cre f

CSERS
, (1)

where ISERS and Ire f represent background-subtracted intensities of the 1626 cm−1 band for CV adsorbed
on the gold films and the SiO2/Si substrate. CSERS and Cre f represent the corresponding concentrations
of CV on this substrate. The maximum EF was obtained for the film thicknesses, which were determined
as thicknesses near the percolation thresholds. The EF of these thin gold films are estimated to be
~1.1 × 105 (for the 7 nm gold film deposited on the SiO2/Si substrate) and ~6.0 × 104 (for the 6 nm gold
film deposited on the graphene/SiO2/Si substrate). Thus, the comparison of the hybrid graphene/gold
substrates and substrates without graphene shows that, although the level of the SERS signal for the
substrate with graphene is almost the same or even slightly lower, the ability to quench of luminescence
provides a great advantage over other substrates. There is another interesting feature. If we compare
the EF for the film with thickness 7 nm (this thickness is the percolation thresholds for the case of
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gold on SiO2/Si substrate) on SiO2/Si (EF ~ 1.1 × 105), and graphene/SiO2/Si substrates (EF ~ 2.1 × 104),
a significant difference can be observed. Indeed, the presence of only one graphene layer on a SiO2/Si
substrate can affect the thickness of the percolation threshold for the gold films and leads to the
difference in SERS signal in near one order of magnitude.

4. Conclusions

In summary, this article presents a detailed study of semi-continuous gold films near the percolation
threshold deposited on two types of substrate—SiO2/Si and graphene/SiO2/Si. We demonstrated that
the thickness of the deposited gold films measured by AFM and sensor values can vary significantly.
The percolation threshold has been determined by two independent experimental methods as a
four-probe measurement of the sheet resistance and spectroscopic ellipsometry. These methods show
good agreement with each other for both types of substrate with and without graphene. According
to them, the thicknesses of the percolation threshold is between 7 and 8 nm for the films on the
SiO2/Si substrate and between 6 and 7 nm on the graphene/SiO2/Si substrate. The maximum SERS
signal was obtained for the gold films with thicknesses near the percolation threshold in the case of
both types of substrate and amounted to be ~6.0 × 104 (graphene/SiO2/Si) and ~1.1 × 105 (SiO2/Si),
respectively. SERS measurements of the dye Crystal Violet demonstrated the ability of graphene
to effectively quench luminescence by an average of ~60%. Thus, the substrates with and without
graphene show comparable SERS signals. However, the presence of graphene shows the ability to
quench luminescence, which provides a great advantage over other types of SERS substrates. Our
results demonstrate that the high intensity of the SERS signal is also observed for the films thicknesses
adjacent with the percolation threshold, but only for thicknesses slightly below. Additionally, we show
a strong correlation between FOM and intensity of SERS spectra. The maximum EF for both types
of substrate corresponds to zero slopes of the FOM curves in the infrared region. We propose to use
FOM curves as an additional criterion for finding the percolation threshold and the thicknesses of the
films that exhibit the maximum EF. We believe that the reported results will be interesting for SERS
applications, especially for bio- and molecular sensing.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/1/164/s1,
Figure S1: Image of the substrate with CVD graphene in white light; Figure S2: SEM images of gold films with
thicknesses from 3 to 10 nm deposited on (a)–(h) SiO2/Si and (i)–(p) graphene/SiO2/Si substrates respectively;
Table S1: Table with averaged parameters of gold films deposited on graphene/SiO2/Si substrate; Table S2: Table
with averaged parameters of gold films deposited on SiO2/Si substrate Figure S3: The schematic representation
of the experimental setup used for the resistance measurements; Figure S4: An example of measured (dashed
lines) and calculated (solid lines) from the fit ellipsometry parameters Ψ and Δ, used for Figure 4: Figure S5: The
dependence of EF on the thicknesses of gold film (plotted with an integrated intensity of 1626 cm−1 Raman mode).
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Abstract: During the last few years graphene has emerged as a potential candidate for electronics
and optoelectronics applications due to its several salient features. Graphene is a smart material
that responds to any physical change in its surrounding environment. Graphene has a very low
intrinsic electronic noise and it can detect even a single gas molecule in its proximity. This property of
graphene makes is a suitable and promising candidate to detect a large variety of organic/inorganic
chemicals and gases. Typical solid state gas sensors usually requires high operating temperature
and they cannot detect very low concentrations of gases efficiently due to intrinsic noise caused
by thermal motion of charge carriers at high temperatures. They also have low resolution and
stability issues of their constituent materials (such as electrolytes, electrodes, and sensing material
itself) in harsh environments. It accelerates the need of development of robust, highly sensitive
and efficient gas sensor with low operating temperature. Graphene and its derivatives could be
a prospective replacement of these solid-state sensors due to their better electronic attributes for
moderate temperature applications. The presence of extremely low intrinsic noise in graphene
makes it highly suitable to detect a very low concentration of organic/inorganic compounds (even
a single molecule ca be detected with graphene). In this article, we simulated a novel graphene
nanoribbon based field effect transistor (FET) and used it to detect propane and butane gases. These
are flammable household/industrial gases that must be detected to avoid serious accidents. The effects
of atmospheric oxygen and humidity have also been studied by mixing oxygen and water molecules
with desired target gases (propane and butane). The change in source-to-drain current of FET in the
proximity of the target gases has been used as a detection signal. Our simulated FET device showed a
noticeable change in density of states and IV-characteristics in the presence of target gas molecules.
Nanoscale simulations of FET based gas sensor have been done in Quantumwise Atomistix Toolkit
(ATK). ATK is a commercially available nanoscale semiconductor device simulator that is used to
model a large variety of nanoscale devices. Our proposed device can be converted into a physical
device to get a low cost and small sized integrated gas sensor.

Keywords: field effect transistor; graphene nanoribbon; propane; butane; gas sensor; detector;
oxygen; humidity; water; nitrogen; carbon dioxide

1. Introduction

Gas sensing has been a critical subject for wide range of applications such as medical, industrial
environment, military and aerospace applications. The presence of hazardous and toxic gases may lead
to some serious accidents in industrial as well as household environments. There must be some tool to
detect the presence of these gases effectively [1,2]. The ultimate goal of gas detection is to obtain high
level of sensitivity with high resolution. There presence of very low concentration of desired gases
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should be detected. However, such high resolution of gas sensor has not been achieved even with
solid-state gas sensors [3–5]. The main reason of low resolution of these sensors are defects and abrupt
fluctuations due to the thermal motion of charge carriers [6], which lead to the creation of noise in these
device. Due to this noise, the detection of individual molecules becomes very difficult. Solid-state
gas sensors can be categorized into different groups depending on the base of their working principle.
The most common categories of such sensors are resistive type sensors, semiconductor gas sensors,
impedance type gas sensors (based on alternating current measurements) and electrolyte based gas
sensors. The resistive type solid-state gas sensors are the most commonly used gas sensors because
their working principle is simple and they have low fabrication cost. The resistance of the constituent
semiconductor material changes due to its interaction with target gas. The reason of change in
electrical resistance is the transfer of charge carriers between target gas and semiconductor material [7].
In impedance based gas sensors, the frequency response of the device changes in response to the target
gas molecules [8]. Whereas, in solid-state electrolyte based gas sensors, the ionic conductivity of the
electrolyte changes due to the transportation of holes or electrons from the desired target gas molecules.
This change in ionic conductivity is used as a detection signal. Amperometric and potentiometric
gas sensors are included in this category [9]. Solid-state gas sensor are very crucial to monitor and
control the emission of toxic and hazardous gases. However, they also have some limitations in terms
of selectivity, long term stability, sensitivity and reproducibility. The long term stability of electrodes,
sensing materials, electrolyte and substrates of solid-state sensors are open challenges. It is also a big
challenge to obtain a reliable and accurate reading at high temperatures with such sensors. Due to
these reasons, the analysis of desired gases at lower temperature is being done in industries to avoid
the issues of inaccuracy and durability of the devices [10].

Although, with an increase in the demand of gas sensors, still there is a need to develop
robust, highly sensitive and reversible sensors that work at low temperatures. Gas sensors based
on conventional semiconductor materials usually require high operating temperatures. In order to
cope with these issues, several efforts are being made to modify the shape and orientations of such
materials [11]. Nanomaterials are the promising candidates for the development of gas sensors with
low operating temperature and low power consumption. It has been considered that nanomaterials
can be used efficiently to detect a large variety of organic/inorganic molecules. The main parameter
that dictates the sensitivity of a gas sensing material is its surface-to-volume ratio, which is quite high
for nanostructures. This high surface-to-volume ratio allows nanomaterials to adsorb the detectable
target molecules effectively and make them suitable candidates to develop efficient gas sensors [12].
In order to overcome the issues found in conventional solid-state gas sensors, graphene has emerged
as an exciting and promising candidate to detect a wide range of organic and inorganic materials
including gases more efficiently. Extraordinary electronic attributes of graphene and its derivatives
make them a promising candidate to replace solid-state gas sensors [13–15].

Graphene based gas and inorganic/organic molecule detectors detect the presence of these
molecules with different mechanisms. The most popular detection mechanisms are the resistive
method, field effect transistors (FET) method and micro-electromechanical system (MEMS) based
method. In the resistive method, the change in electrical conductivity in the presence of target
molecules is used as a detection signal [16]. In FET based gas detectors, the change in drain-to-source
current at some gate voltage is used as a signature to detect the presence of foreign adsorbed
particles [17,18]. MEMS based gas sensors have low power consumption, small size, fast response and
high sensitivity [19]. In MEMS based sensors, electrical and mechanical components are integrated
in the form of a chip. The mechanical component of this sensor converts any physical change in the
surrounding into electrical signal [20].

Graphene based field effect transistor (FET) can be a potential candidate to detect the presence of
a wide range of chemicals, toxic compounds, biomolecules and gases with better sensitivity compared
to that of solid-state sensors. The sensitivity range of these graphene based FETs usually range from
parts per billion (ppb) to parts per million (ppm) [21–23]. Typically, the gate electrode controls the flow
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of electric current through FET based gas sensors. Actually, the adsorption of foreign gas molecules
and organic compounds effect the concentration of the charge carriers through the graphene layer and
consequently the current through the device changes at some gate voltage. Some gas molecules act
as donors of charge carriers for graphene and increase the electric current through the device after
adsorption. Whereas, some foreign gas molecules act as acceptor for the graphene layer and they
reduce the current through the device. This change in electric current is used as a detection signal for
gases and other organic/inorganic compounds [24,25]. Even the fluctuation of the conductance can be
used as a detection signal [26].

Moreover, propane and butane are the most commonly used fuel for household/industrial
environments [27]. These are flammable and toxic gases [28]. In order to avoid fatal explosion
accidents, the leakage of these gases in the environment must be detected. Different material processing
techniques are used to obtain graphene-based materials like carbon nano-sheets, carbon nanoribbons,
and carbon nanotubes with exceptional electronic attributes. Recently, graphene nanoribbons (GNRs)
have attracted the interest of researchers due to their distinct electronic properties. GNRs are promising
candidate as building blocks of next generation electronics devices [29]. Carbon nanotubes (CNTs)
are unzipped with different techniques to get GNRs [30]. Graphene nanoribbon based FETs have
very interesting electrical properties that change with the width and direction of the constituent
nanoribbons [29,31]. First principles simulations of graphene based FETs to study the doping effects
on the IV-characteristics have been reported in the literature [29,32]. Graphene based FET devices and
sensors have also been reported in the literature [33–35].

In this article, we simulated a novel FET device based on graphene nanoribbons with nanoscale
semiconductor device simulator, Quantumwise Atomistix Toolkit (ATK). This simulated device has
been used to detect the presence of propane and butane gases. The change in electric current through
FET device at different gate voltages in the presence of these gases has been used as a detection
mechanism. To the best of our knowledge, this type of device has not been reported in the literature
for the detection of propone and butane gases.

2. Materials and Methods

The simulations of GNR based FET for the detection of propane and butane gases have been
carried out with Quantumwise Atomistix Toolkit (ATK) software package. Graphical user interface
of ATK is called Virtual Nano Lab (VNL). ATK-VNL allows atomic scale modeling of nano-systems.
This software uses several in-built calculators to solve and calculate transportation properties of
quantum systems. Density functional theory (DFT) calculator has been used for the simulations of our
proposed device in ATK-VNL. The work flow and mathematical formalism used by ATK-DFT has
been given in [36]. All these simulations have been run in a high performance computing environment
(HPC) [37]. This HPC has 232 high power computing machines. Each machine has 24 processing
units and 48 GB of internal memory. Density of states (DOS) and IV-curves of simulated device in the
presence of propane and butane gases have been calculated using eight computing nodes of HPC. With
eight computing nodes of HPC, each IV-curve took around more than one week to calculate. A brief
description of used materials have been given in the next subsection below.

Graphene Armchair and Zigzag Nanoribbons

The constituent materials of simulated graphene field effect transistor are armchair graphene
nanoribbons (AGNR) and zigzag graphene nanoribbons (ZGNR). The termination pattern of the edge
of these structures defines the type of nanoribbon either armchair edge or zigzag edge, as shown in
Figure 1 [38]. The structure shown in Figure 1a is zigzag nanoribbon because the termination edge
forms a zigzag pattern. Whereas, the structure shown in Figure 1b is armchair nanoribbon because
the termination edge forms an armchair pattern. The bandgap of armchair and zigzag nanoribbons
change with an increase or decrease in number of carbon atoms in the ribbons [39]. The bandgap of
AGNR decreases with an increase in number of carbon atoms in its structure. The bandgap of AGNRs

187



Nanomaterials 2020, 10, 98

decreases from 3 to 0.75 eV with an increase in number of carbon atoms from 20 to 65 in its ribbon.
Whereas, change in bandgap for ZGNR with an increase in number of carbon atoms is different for
even and odd number of electrons in its structure. For both cases the bandgap decreases gradually
with an increase in number of atoms [39]. GNRs provides perfect interfaces to make junctions at atomic
levels. Generally, due to small contact areas, it is very difficult to avoid high contact resistance between
metal electrodes and molecular devices. So, this problem could be solved by using metallic GNRs
which can be directly connected to the circuits [29].

Furthermore, the two probe model of GNR based FET has been simulated by using AGNR and
ZGNR in ATK-VNL. The builder tool of ATK-VNL is used to simulate FET. All the details have been
given in next lines. First of all, the central region of the device have been simulated. The central region
of FET consists of AGNR. AGNR with width of four atoms has been created using Nanoribbon Plugin
Tool of ATK Software. Afterwards, this GNR has been extended 5 times along C-axis (the repetition
pattern) as shown in Figure 2. Whereas A, B and C vectors have been shown in each figure. In the
next step, ZGNR has been created with the same plug in tool. However, this time zigzag nanoribbon
consists of six atoms, as shown in Figure 3. After creating this ZGNR, its structure has been repeated
along C-axis four times and then a copy of this structure has been made. These two structures will be
used to form electrodes of FET by connecting them to the central region of the device.

After that, the next step is to join the central region (Figure 2) with the electrodes (Figure 3) to form
a z-shaped structure. For this purpose, armchair graphene nanoribbon has been rotated by 30 degrees
along X-axis (the axis have been shown in the upright position of Figures 2 and 3, as shown in Figure 4a).
Now, AGNR is ready to be joined with ZGNR (electrodes). The next step is to merge ZGNR with AGNR
to form a z-shaped structure, as shown in Figure 4b. After merging these cells, we get a z-shaped
structure in which AGNR is in the center (central region) whereas ZGNRs are on the left and right side of
this structures. These ZGNRs form the source and drain electrodes of FET, as shown in Figure 4c. In the
next step, dielectric material and gate electrode have been deposited on this structure to get FET device,
as shown in Figure 4d. The permittivity of the dielectric material has been chosen as 4εo and a very thin
metallic layer has been deposited on it to form a gate electrode of field effect transistor. The lengths
of source and drain electrodes are approximately 7 Å. In next step, three molecules of propane, three
molecules of butane and both propane & butane (four molecules of butane and one molecule of propane)
have been exposed to the FET device in three different experiments, as shown in Figure 4e. In order to
add the influence of atmospheric gases and humidity, oxygen and water molecules have been mixed
with the desired target gases (propane and butane). Two oxygen molecules and two water molecules
have been exposed to the device, as shown in Figure 4f. In the simulated device, these molecules have
also been mixed with propane and butane target gases in two different experiments.

 

Figure 1. Schematic of (a) zigzag graphene nanoribbon; (b) armchair graphene nanoribbon reproduced
from [38] with permission from SPIE publishers, 2012.
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Figure 2. Simulation of armchair graphene nanoribbon for the central region of Field Effect Transistor.

 

Figure 3. Simulation of zigzag graphene nanoribbons for electrodes of Field Effect Transistor.
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(e) 
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Figure 4. Simulation steps for graphene zigzag and armchair nanoribbon based field effect transistor
for the detection of propane and butane gases under the influence of atmospheric oxygen and humidity.

Furthermore, an in-built Merger Tool of ATK-VNL has been used to expose the target molecules
(i.e., propane, butane, oxygen, water molecules) to the simulated FET device (Figure 4d). ATK-VNL has
an inbuilt Move Tool that is used to move (in X, Y, Z coordinates) the target molecules with respect to
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the simulated FET device. The position and geometry of each butane molecule along with X, Y, Z axis
have been shown as an example in Figure 4g. It can be seen in this figure that the geometry of all butane
molecules are almost identical to each other with respect to the FET device. Similar atoms (oxygen
atoms in case of butane molecules) of all target molecules are facing to the FET device. The same
procedure has been adopted for exposing other target molecules to the simulated FET device. All target
molecules have been kept at an optimal distance of few Angstroms to the FET device, ensuring that
Van der Waals Forces are acting between target molecules and FET device. Graphical user interface
of ATK-VNL software has been used to confirm that Van der Waals Forces are acting between target
molecules and FET device, as shown in Figure 4g. A more comprehensive detail about simulating
graphene nanoribbon based FET in ATK-VNL can be found at this reference [40]. The reason of
choosing this small number of gas molecules in these simulations is to reduce the computation time
in HPC environment. The change in density of states (DOS) and IV-characteristics of FET have been
calculated in the presence of propane and butane as target molecules.

3. Results and Discussion

In this section, the results obtained from simulations have been presented and discussed in detail.
The DOS and IV-characteristics of simulated FET based sensor have been calculated.

3.1. Density of States of Simulated Graphene Nanoribbon Field Effect Transistor Device

A significant and distinct change in the DOS of FET device have been observed in the presence of
different target gas molecules. A comparison of DOS of simulated FET device in the absence of any
target gas molecules and in the presence of three propane gas molecules has been shown in Figure 5a.
It can observed that many new energy states have been introduced by propane gas molecules both
above and below the fermi level of the device compared to that of the reference simulated device
(without any target gas), as shown in Figure 5a. Many new energy spikes can be observed at energy
levels of −1.8, −1.2, −0.8, 1.0 and 1.3 eV in FET device in the presence of propane gas.

Furthermore, the presence of three butane gas molecules affected DOS of FET differently compared
to that of propane gas molecules, as shown in Figure 5b. Many new energy states can be observed at
energy levels of −1.9, −1.4, 0.9, 1.6 and 1.8 eV, approximately. These energy states were not present in
the presence of propane molecules. Similarly, a distinct change in DOS can be observed in the device
when it is exposed to both propane and butane gas molecules simultaneously, as shown in Figure 5c.
It can be observed that the presence of both gases introduced new energy states in FET device. New
energy spiked can be observed at energy levels of −1.1, −0.6, 0.6, 1.3, 1.6, 1.8 and 1.9 eV approximately,
as shown in Figure 5c.

3.2. Current-Voltage Characteristics of Simulated Graphene Nanoribbon Field Effect Transistor Device in
Presence of Only Propane and Butane Molecules

Drain to source current (Ids) and voltage (Vds) curves of simulated FET have been calculated for
different applied gate voltages. The simulated device (in absence of any target gas molecules) showed
depletion mode MOSFET like behavior. A decrease in Ids versus Vds has been observed with an increase
in negative gate to source voltage (Vgs), as shown in Figure 6. The same IV-curves for the gate voltages
of −0.1, −0.3 and −0.5 V have been calculated in the presence of three propane molecules, three butane
molecules and both gases (four molecules of butane and one molecule of propane) in three different
experiments. In the presence of target gas molecules, a significant change in IV-curves of FET device
has been observed for the same voltage biased conditions compared to that of the device in the absence
of target gas molecules. This change in IV-characteristics can be used as a detection signal to detect the
presence of propane and butane gases.

In our previously published work [31], we used purely resistive method based on pristine AGNR
to detect propane and butane gases. However, in this article, we used FET based device in which the
electric current not merely depends on applied bias voltage (Vds), but also on gate voltage. The adsorbed
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target gas molecules act as donors or acceptors of charge carriers for the graphene. If they act as donors,
they change (increase) the concentration of charge carriers in graphene. Consequently, the electric
current through the graphene based device increases in the presence of adsorbed target molecules
under same bias condition. When the foreign target molecules behave like acceptors of charge carriers,
they decrease the current through the graphene based device [41]. In resistive methods of graphene
based gas detectors, it is comparatively easy to realize this change in conductivity of graphene. Because
in such type of devices, graphene behaves like a resistive strip which is only a function of external
applied voltage. Nevertheless, in FET based graphene sensors, the change in charge carriers through
the graphene channel is also a function of gate voltage and hence could be more accurate. So one has
to keep in mind the effect of gate voltage as well as Vds on the IV-characteristics of FET based sensor.

Furthermore, our simulated device exhibited a considerable change in IV-characteristics in the
presence of the target gases. The reference FET device showed a current range between −24 nA to
−66 nA at Vgate = −0.1 V and at a fixed Vds, shown with a solid black line in Figure 7. A decrease
in Ids has been observed in the presence of propane as a target gas, at Vgate = −0.1 V, as shown with
orange dotted line in Figure 7. The current range of FET based device in the presence of propane
target is between −22 nA to −44 nA, which is less than that of reference device. It seems that propane
molecules may have acted like acceptors of charge carriers for graphene and reduced the charge carrier
concentration in the device. Consequently, a decrease in current has been observed in the presence of
propane molecules. The device showed a sufficient increase in Ids in presence of butane gas molecules
compared to that of reference device. The range of the Ids is between −26 nA to −134 nA approximately
in the presence of butane gas, shown with blue color dashed line in Figure 7. It seems that butane
molecules may have acted like donors of charge carriers for graphene and increased the charge carrier
concentration in the device. Consequently, an increase in current has been observed in the presence of
butane molecules. A dramatic increase in Ids has been observed when FET device is exposed to four
butane and one propane gas molecules simultaneously. The range of Ids in this case is between −93 nA
to −167 nA at Vgate = −0.1 V, which is quite high compared to that of the reference device. This high
amount of current through the device may be due to the donor like dominated effect of four butane
molecules compared to that of one propane molecule (acceptor like behavior), which are exposed to the
device simultaneously. This curve has been shown with a dotted-dashed green colored line in Figure 7.

However, an increase in negative bias gate voltage reduced the overall Ids through reference FET,
as it is a depletion mode n-channel FET. A similar trend of increase and decrease in Ids at Vgate = −0.3 V
for the same Vds has been observed with respect to the reference FET device, as shown in Figure 8.
In presence of propane gas molecules a decrease in Ids at this Vgate has been observed compared to that
of reference FET. The range of Ids in this case is between −20 nA to −57 nA, approximately. Whereas
butane gas increased the Ids compared to that of reference FET and the range of current is between
−18 nA to −106 nA. The simultaneous presence of both gases increased the Ids in similar manner that is
observed in previous cases. The range of electric current under this bias condition is between −187 nA
to −220 nA, which is quite high compared to that of the device at Vgate = −0.1 V, as shown in Figure 8.
Finally, the IV-characteristics of the device have been calculated at Vgate = −0.5 V, as shown in Figure 9.
It also exhibited a similar trend but with different current ranges compared to that of the previously
discussed cases.
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Figure 5. Change in density of states (DOS) of simulated filed effect transistor in presence of (a) propane
gas molecules; (b) butane gas molecules; (c) both propane and butane gas molecules.
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Figure 6. Vds versus Ids curves of simulated field effect transistor at different gate voltages in the
absence of target gas molecules.

Figure 7. Vds versus Ids curves of simulated field effect transistor at −0.1 V gate voltage in the presence
of target gas molecules.

 

Figure 8. Vds versus Ids curves of simulated field effect transistor at −0.3 V gate voltage in the presence
of target gas molecules.
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Figure 9. Vds versus Ids curves of simulated field effect transistor at −0.5 V gate voltage in the presence
of target gas molecules.

3.3. Influence of Oxygen and Water Molecules on the Current-voltage Characteristics of Simulated Graphene
Nanoribbon Field Effect Transistor

In Section 3.2. the simulated graphene based FET device is exposed to only propane and butane
molecules in a controlled environment, where the influence of the atmospheric species like oxygen,
carbon dioxide, water vapors and humidity have been neglected. The purpose of the work presented
in this article is to access the feasibility of the simulated device for the detection of propane and butane
gases. But for real-time application of such device, the influence of other atmospheric parameters cannot
be ignored. Therefore, we also studied the effect of oxygen and water molecules on IV-characteristics
of simulated structure. For this purpose, additional simulations have been done. In two different
experiments, the simulated FET has been exposed to only two oxygen molecules and only two water
molecules. In third and fourth experiment, three propane molecules have been detected in the presence
of two water molecules and two oxygen molecules individually. In fifth and sixth experiment, three
butane molecules have been detected in the presence of two water molecules and two oxygen molecules
individually. The IV-curves of simulated device at Vgate = −0.1 and fixed Vds have been calculated.
A slight decrease in Ids of the simulated FET has been observed in the presence of two oxygen molecules,
as shown in Figure 10a. At exposure to two water molecules, the FET device also exhibited a decrease
in source-drain current, as shown in Figure 10a. In case of exposure to two water molecules, the
decrease in current of device is more compared to that of the oxygen molecules. Similarly, a decrease
in Ids has been observed, when water and oxygen molecules are mixed with propane gas molecules, as
shown in Figure 10b. At the exposure of the device to butane molecules mixed with water molecules
simultaneously, the device showed a decrease in Ids, as shown in Figure 10c. Whereas, a similar effect
on Ids has been observed in the presence of mixture of butane and oxygen molecules, as shown in
Figure 10c.

The presence of both oxygen and water molecules degraded the device performance in terms of
reduction of detectable current for propane and butane gases. A careful calibration of such physical
sensor is required to nullify the environmental effects on the actual reading of the device in the presence
of desired target molecules. The presence of oxygen content in the atmosphere has a strong influence
on the electrical properties of graphene. The oxygen content of the air strongly affects the electrical
resistance of graphene which depends on the exposure time. The electrical conductance of graphene
reduces with passage of time at its exposure to the oxygen content of the air. Therefore, the change in
device performance may be expected as exposure time increases [42]. Similarly, the presence of water
content in the air also has an effect on the electrical properties of the graphene as water molecules act
as p-type dopant for graphene and change its electronic properties. Therefore, the device should be
encapsulated for stable operation [43–45].
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Figure 10. Vds versus Ids curves of simulated field effect transistor at −0.1 V gate voltage in the presence
of (a) only water and oxygen molecules; (b) propane, water and oxygen molecules; (c) butane, water
and oxygen molecules.

Moreover, in ambient atmospheric conditions, the effect of nitrogen (N2) and carbon dioxide
(CO2) on the electrical conduction properties of graphene based sensors are negligible. Whereas,
water molecules have strong influence on the conductivity of graphene. The considerable response
of graphene to the water molecules makes it highly suitable for humidity sensor applications [46].
Therefore, N2 and CO2 gases have not been considered in these simulations. The purpose of these
simulations is to investigate the feasibility of simulated FET device for the detection of solely propane
and butane molecules for household and industrial environments. However, the concentration of
methane (CH4) gas is increasing day by day due to green house effect. Several efforts have been done
for the development of CH4 gas sensors [47–58]. The detection of CH4 with our proposed device for
climatic and household applications can be considered as future work. These simulation results are
convincing in terms of the ranges of detectable electric current values. In our previous work [31],
the differentiation between electric current values in the presence of the these target gases was difficult
for each individual gas and the combination of both gases. In current work, the behavior of FET
device and current values are more obvious. However, the trend of increase or decrease of current
values in IV-curves for both devices shows a conflict. The possible reason of this conflict could be the
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involvement of the effect of gate voltage and addition of zigzag nanoribbons as electrodes for the FET
device that was absent in our previously simulated device [31]. The physical fabrication of this type of
device could be challenging due to the handling and processing of nanoribbons at atomic level. In near
future, as the graphene technology will evolve, the physical fabrication of such type of devices will
be possible.

4. Conclusions

The goal of the work that has been presented in this article is to access the potential of graphene
nanoribbon based FET for the detection of propane and butane gases. Armchair graphene nanoribbons
and zigzag nanoribbon have been used to develop FET device. In the absence of any target gas
molecules, the IV-characteristics of the simulated device are similar to n-channel depletion mode
FET. In the proximity of target gas molecules, a change in source-to-drain current of FET at different
gate voltages has been observed. This change is distinct for each specific target gas i.e., propane
and butane. Our simulated FET device also exhibited a noticeable change in the density of states in
the proximately of these target gases. The change in source-to-drain current of FET in the presence
of target gas molecules has been used as a detection signal for the leakage detection of these gases.
The influence of atmospheric factors like the presence of water and oxygen molecules on the proposed
device have also been investigated. It has been observed that the presence of these molecules also
affected the IV-characteristics of the device. A careful calibration of such physically fabricated device
is required to nullify the effect of atmospheric factors and get the correct reading for desired target
gases. Our proposed device could be a promising candidate to replace conventional solid-state gas
sensors due to its exceptional electronic properties and compact size. Theoretically, it is possible to
simulate such type of FET sensors. However, the physical fabrication of these kind of device could
be a challenge due to extremely small dimensions of graphene nanoribbons that make it difficult to
handle at atomic levels. Moreover, during physical fabrication of our proposed FET, there is a need of
some suitable substrate like SiC or Si for the deposition of graphene. Our nearest future intension is to
develop graphene based FET device for the detection of propane and butane gases.
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Abstract: In this work, a new hydrogen peroxide (H2O2) electrochemical sensor was fabricated.
Prussian blue (PB) was electrodeposited on a glassy carbon (GC) electrode modified with zirconia
doped functionalized carbon nanotubes (ZrO2-fCNTs), (PB/ZrO2-fCNTs/GC). The morphology and
structure of the nanostructured system were characterized by scanning and transmission electron
microscopy (TEM), atomic force microscopy (AFM), specific surface area, X-ray diffraction (XRD),
thermogravimetric analysis (TGA), Raman and Fourier transform infrared (FTIR) spectroscopy.
The electrochemical properties were studied by cyclic voltammetry (CV) and chronoamperometry
(CA). Zirconia nanocrystallites (6.6 ± 1.8 nm) with cubic crystal structure were directly synthesized on
the fCNTs walls, obtaining a well dispersed distribution with a high surface area. The experimental
results indicate that the ZrO2-fCNTs nanostructured system exhibits good electrochemical properties
and could be tunable by enhancing the modification conditions and method of synthesis. The fabricated
sensor could be used to efficiently detect H2O2, presenting a good linear relationship between the
H2O2 concentration and the peak current, with quantification limit (LQ) of the 10.91 μmol·L−1 and
detection limit (LD) of 3.5913 μmol·L−1.

Keywords: carbon nanotubes; zirconia nanoparticles; Prussian blue; electrochemical sensors

1. Introduction

A sensor is a device with the ability to transform a physicochemical process into an analytical
signal. A sensor is made up of a recognition element and a transducer. The recognition element
interacts with the analyte and the transducer, converting physicochemical changes into an electrical
signal. Macrostructure systems-based sensors have been widely studied in order to explore their
potential applications in clinical diagnostics [1]. Furthermore, the data given by sensors is needed to
be accurate and reliable, thus, electrochemistry and analytic chemistry combined with nanotechnology
are promising areas of investigation—in order to give the instrumentation precise methodology and
accurate diagnostic capabilities. Electrochemistry provides analytical techniques, which are widely
used due to its rapid response, low cost, portability and its facility to incorporate into complex
researches. Electrochemical sensors are based on these techniques taking advantage of the redox
processes of substances. The demand for sensors for the detection of harmful biological agents has
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increased, and recent researches are focused on ways of producing small portable devices that would
allow fast, accurate, and on site detection [1,2]. In the case of biosensors, the recognition system is a
biological element such as enzymes, antibodies, microorganisms, etc. Enzymes are substances which
catalyze a chemical reaction with high selectivity, for instance—glucose oxidase will catalyze only the
reaction of glucose. Oxidase enzymes are used in most of the investigations as the recognition element.
Unfortunately, enzyme based biosensors suffer denaturation of the enzyme and different efforts have
been done to improve their stability. Inorganic compounds that mimic the electrocatalytic activity of
enzymes have been extensively studied in recent years [3–9].

Prussian blue (PB) is part of an important group of inorganic compounds used in electrode
modification and for electrocatalytic purposes [10,11]. PB is known as an artificial peroxidase [12,13],
and it is a promising candidate for the catalysis of H2O2. The use of PB as a recognition element
for H2O2 detection is extensive [14–16]. Furthermore, in order to increase the sensitivity and the
rapid response of electrochemical sensors, nanomaterials and nanostructured systems are used to
modify the electrode surface, since it has been reported that nanomaterials promote electron transfer
more efficiently between the electrodes [6–8,11,17–19]. On the other hand, carbon nanotubes possess
interesting chemical and physical properties, which are useful in order to modify electrochemical
sensors, therefore, the combination of PB, carbon nanotubes (CNTs), and metals have received special
attention. Carbon nanotubes have good electrical conductivity; therefore, they can be used as a
mediator for PB-modified electrodes. Electrochemical sensors for H2O2 detection are developed by
adding electroactive materials (metals, metal oxides, enzymes, etc.) on the surface of electrodes.
Hydrogen peroxide is a mediator found in the majority of biological reactions. You et al. [20] reported
the electrocatalytic reduction of H2O2 using a system of Pd on CNTs. The electrode showed good
linear range detection attributed to the improved sensitivity and selectivity. Wang, et al. [21] reported
the determination of H2O2 on an electrode based on PB and CNTs. On the other hand, the use of
zirconia nanoparticles involves applications such as: oxygen sensors, solid oxide fuel cells, H2 gas
storage materials, catalysts and catalyst support, biosensors [22]. Nanostructured zirconia has been
used as a biosensing platform for oral cancer detection using cyclic voltammetry techniques [23].
Additionally, zirconia nanoparticles grafted to collagen were used as an unmediated biosensing
of H2O2, accelerating the electron transfer with good thermal stability [24]. Zirconia/multi-walled
carbon nanotube nanocomposite was used to immobilize myoglobin showing excellent electrocatalytic
activity to the H2O2 reduction [25]. In addition, zirconia/reduced graphene has been used as a
high performance electrochemical sensing and biosensing platform [26], obtaining glucose oxidase
immobilization successfully.

Considering the potential of CNTs and zirconia nanoparticles as biosensing platforms, in the
present work a new H2O2 electrochemical sensor is proposed. PB is electrodeposited at a glassy carbon
(GC) electrode modified with PB and zirconia doped carbon nanotubes.

2. Materials and Methods

The layer-by-layer method was used to deposit CNTs samples and poly
(diallyldimethylammonium chloride) (PDDA), and PB film were deposited electrochemically
at the GC electrode. PDDA is a conductor polymer positively charged [27], this film will provide
an electrostatic interaction between the CNTs negatively charged and GC electrode. By using cyclic
voltammetry (CV), the electron transfer behavior and electrocatalysis of PB were investigated.
Additionally, cyclic voltammetry response and chronoamperometry response of the modified
electrodes in the presence and absence of H2O2 were studied.

2.1. Materials and Reagents

All solutions were prepared with distilled/deionized water (18 MΩ resistivity,
Darmstadt, Germany). Carbon nanotubes were obtained from Material Science & Nanotechnology
Laboratory (IVIC, Caracas, Venezuela). Nitric acid (HNO3, 69.2 wt.%) and hydrogen peroxide (H2O2,
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30%V/V) were purchased from Sigma-Aldrich Sigma, (Darmstadt, Germany). Potassium phosphate
monobasic (KH2PO4) and sodium hydroxide (NaOH, 99.9% p/p) were purchased from Fisher Scientific
(Waltham, MA, USA). Phosphate-buffered saline (PBS, 20 mmol·L−1 KH2PO4 + 20 mmol·L−1 K2HPO4

+ 0.1 mol·L−1 KCl, pH 6.8) was used as a supporting electrolyte. Potassium ferricyanide (K3[Fe(CN)6]),
iron trichloride hexahydrated (FeCl3·6H2O), and potassium chloride (KCl) were from BDH Chemicals
(Philadelphia, PA, USA), hydrochloric acid (HCl, 37%) was from Fisher Scientific (Waltham, MA, USA),
glassy carbon (GC, diameter (Φ = 3 mm), geometric area = 0.0706 cm2), silver/silver chloride reference
electrode (Ag/AgCl), and graphite rod counter-electrode were from CH-Instruments (Austin, TX, USA),
sulfuric acid (H2SO4, 98%) was from Fisher Scientific (Waltham, MA, USA), and 1 μm, 0.3 μm, and
0.05 μm alumina powder were from CH-Instruments (Austin, TX, USA), dimethylformamide (DMF)
was from BDH Chemicals (Philadelphia, PA, USA), poly (diallyldimethylammonium chloride) (PDDA,
4% w/w in water) were from Sigma.

2.2. Carbon Nanotubes (CNTs) Functionalization

The functionalization of carbon nanotube and nanostructured materials was carried out in
a previous work [28]. The functionalization was made in two parts the pre-functionalization
and functionalization:

2.3. Pre-Functionalization of CNTs

First, 1.0 g of CNTs were added in a 500 mL volumetric flask, and then 100 mL of 3.0 mol·L−1 of
nitric acid and 300 mL of 1.0 mol·L−1 of sulfuric acid were added in this order. The reaction mixture
was placed under a reflux at a temperature of about 80 ◦C and a stirring speed of 400 rpm for six hours.
Once the mixture was cooled at room temperature, CNTs were filtered in a frit of porous plate, and
washed with deionized water until the wash solution reach a neutral pH. Afterward, the washed CNTs
were dried in an oven under low vacuum at 84.42 kPa and 60 ◦C for 12 h, finally CNTs were ground in
a mortar.

2.4. Functionalization of CNTs

To add carboxylic (−COOH) and hydroxyl (−OH) groups to the side-wall of CNTs the following
procedures were performed. Then, 80 mL solution of nitric acid 60 wt.% was added in a 250 mL
volumetric flask with pre-functionalized CNTs. The mixture was placed under ultrasonic agitation for
30 min and then under reflux at 80 ◦C and 400 rpm for two hours. Then, the mixture was cooled at
room temperature and diluted with 200 mL of deionized water, next, the filtering process was made
as described in pre-functionalization section. Subsequently, CNTs were dried in an oven under low
vacuum at 84.42 kPa and 60 ◦C for 16 h, finally CNTs were ground in a mortar and then sieved using a
125 μm sieve.

2.5. Synthesis of ZrO2-fCNT Nanostructured System

The ZrO2 was synthesized in situ on the functionalized CNTs (fCNTs). The synthesis was
described in a previous work [28]. Half volume of propanol was added to a volumetric flask with
fCNTs, and then it was subjected to ultrasonic agitation. Then, zirconia isopropoxide (Zr(OPri)4), 1/4
volume of isopropanol, and acetic acid were added to other volumetric flask, and this mixture was
subjected to ultrasonic agitation for 10 min. Afterward, the above mixture as placed in an addition
vessel to drop it on the isopropanol and fCNTs solution, which was subjected to mechanical agitation at
600 rpm at room temperature. Next, isopropanol in deionized water solution was added drop by drop
to the previous mixture. After adding the reagents, the reaction was maintained for two hours, and
allowed to age 20 days. After aging time, the mixture was placed in a beaker, washing the volumetric
flask with alcohol. The solvent was evaporated at about 88 ◦C until a pasty mixture was obtained.
Then, deionized water, three times of volume of mixture, were added to the pasty mixture, which were
evaporated at temperatures between 88–96 ◦C. Subsequently, the resulting substance was dried in low
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vacuum at 80 ◦C for 4 h, afterward; a thermal treatment was performed in argon atmosphere at 50 ◦C
for 2 h. Finally, the sample was grounded in a mortar.

2.6. Material Characterization

Transmission electron microscopy (TEM) images were taken in a JEOL 1220 microscope (Jeol,
Peabody, MA, USA) at acceleration voltages of 100 and 200 kV. Scanning electron microscopy
(SEM) analysis was carried out in a field emission scanning electron microscopy (FESEM) Hitachi
F2400 (Hitachi, Krefeld, Germany), operating at 30 kV and 10 kV attached with an energy
dispersive spectrometer (EDS) Quantax75. Analysis by atomic force microscopy (AFM, Agilent,
Santa Clara, CA, USA) in tapping mode was made in an Agilent 5500 equipment. A long cantilever
point probe-plus (L = 225 ± 10 μm) with a force constant of 21–98 N m−1, and a silicon tip was
used at a resonance frequency of 156.42 kHz. Topographic, amplitude and phase images were
recorded using a scanning speed of 4 l s−1. Areas of 2.5 × 2.5 and 5.0 × 5.0 μm were scanned using a
high-resolution multipurpose scanner. Samples for TEM and AFM were prepared by adding a tiny
amount of sample to a solution of ethanol/water. This suspension was sonicated for 10 minutes and
a drop of this suspension was placed in a TEM holey carbon grid for TEM analysis, and on a (100)
silicon wafer (atomic roughness) for AFM analysis. The specific surface area was determined via
Brunauer–Emmett–Teller (BET) method using a Micromeritics ASAP2010 equipment (Micromeritics,
Norcross (Atlanta), GA, USA). The adsorption-desorption isotherms were measured at 77 K with
liquid nitrogen, previously degassing of the samples at 150 ◦C, for 4 h under vacuum. Raman
spectroscopy was performed in a high-resolution confocal Raman spectrometer Dilor XY800 (Horiba,
Kyoto, Japan) operating in backscatter mode with a high definition CCD detector, cooled at 77 K with
liquid nitrogen. An argon laser with a wavelength of 514.5 nm. X-ray diffraction (XRD) spectrum of
samples was registered by SIEMENS D5005 diffractometer (SIEMENS, Malvern, United Kingdom),
at a wavelength (λ) of 1.541 Å. The samples were analyzed in the range of 2θ = 10◦–80◦ at a scan
rate of 0.02◦/0.52 s. Fourier transform infrared (FTIR) spectrum were recorded in a Nicolet iS10 FTIR
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), with a resolution of 4 cm−1. Samples in
powder form were evaluated in KBr pellets with a concentration of 0.2 to 1% in the pellet. Zeta potential
measurements were done in an aqueous suspension of carbon nanotubes samples with distilled water
as the solvent at a temperature of 24.1 ◦C and humidity of 45.7%. Both samples were submitted to 5
runs of measure. Thermal analysis DSC-TGA of the pristine, functionalized and ZrO2 doped fCNTs,
under air atmosphere, using a TA Instrument SD Q600 (TA Instrument, New Castle, DE, USA), at a
heating rate of 10 ◦C/min, from room temperature to 1000 ◦C.

2.7. Electrode Modification

fCNTs and zirconia doped fCNTs (ZrO2-fCNT) were suspended in DMF at a concentration of
5.0 mg/mL, then this suspension was sonicated about 15 min, and storage at room temperature and
sealed with parafilm. A volume of 10 μL of fCNTs suspension was pipetted on the surface of the GC
electrode. The GC electrode was allowed to dry during 15 min at 50 ◦C, after that 10 μL of the PDDA
solution was pipetted on the modified GC electrode and dry during 15 min at 50 ◦C. Once the GC
electrode was modified with fCNTs and ZrO2-fCNTs, the PB was electrodeposited.

Electrodeposition of PB was accomplished in an aqueous solution containing 2.5 mmol·L−1

K3[Fe(CN)6] + 2.5 mmol·L−1 FeCl3·6H2O + 0.1 mol·L−1 KCl + 0.1 mol·L−1 HCl at potential of +0.4 V
during 60 s. Subsequently, the PB-electrodeposited electrode was activated by cycling at a potential
range from −0.2 V to 1.2 V at scan rate of 50 mV·s−1 in 0.1 mol·L−1 KCl + 0.1 mol·L−1 HCl solution
for 20 cycles. The PB based electrode was allowed to dry at 50 ◦C for 15 min, afterward, a volume of
10 μL of PDDA solution was cast on the modified electrode and dried during 15 min at 50 ◦C. Finally,
the PB/fCNT/GC electrode was obtained. The PB/ZrO2-fCNT/GC electrode was prepared also by the
procedure describe above (Scheme 1). The modified GC electrodes were rinsed twice with distilled
water and stored at room temperature.
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2.8. Electrochemical Characterization

The electrochemical experiments were performed on a CHI604A (CH Instruments,
Austin, TX, USA) electrochemical workstation with a conventional three-electrode system. The GC
modified electrodes were used as the working electrodes, a graphite rod as the counter electrode
and Ag/AgCl (saturated KCl) as the reference electrode. The supporting electrolyte used was the 0.1
mol·L−1 PBS solution (pH 6.8). The stability of the electrode was reach by cycling from 10 to 100 times.

2.9. H2O2 Detection

The response of modified electrodes in the presence of H2O2 were tested by chronoamperometry
(CA) and cyclic voltammetry (CV). CA experiments were carried out by applying a constant potential
of 1.0 V vs. Ag/AgCl (saturated KCl) in a stirred 0.1 mol·L−1 PBS (pH 6.8). Aliquots of H2O2 were
added successively every 20 s. CV measurements were performed at a potential range from −0.2 V to
1.2 V at a scan rate of 40 mV·s−1 for one cycle. H2O2 detection was performed at temperatures lower
than 10 ◦C.
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Scheme 1. Modification of PB/ZrO2-fCNT/GC electrode and mechanism of H2O2 detection.

3. Results and Discussion

3.1. Fourier Transform Infrared (FTIR) Spectroscopy

Figure 1 shows the FTIR spectra of: (a) pristine carbon nanotubes (pCNTs), (b) functionalized
CNTs (fCNTs) and (c) zirconia doped carbon nanotubes (ZrO2-fCNTs) nanostructured system. FTIR
spectra shows similar spectra for CNT and fCNTs samples, this can be attributed to the weak charge
difference between the carbon atoms due to the high symmetry of CNTs which generates weak
signals in the infrared spectrum [29]. Furthermore, the pristine, functionalized and ZrO2 doped CNTs
show vibration bands at 1400 cm−1, attributed to vibration modes of multi-walled carbon nanotubes
(MWCNTs) [30], and a very weak band at 1740 cm−1 assigned to C=O vibration of the carboxylic groups,
present from the purification and functionalization treatments. Titration experiments to measure the
concentration of functional groups on the CNTs walls resulted in 3 × 10−3 mol·g−1. The broad band
around 4300 cm−1 and the band at 1630 cm−1 correspond to hydroxyl groups. The binding of ZrO2

on the MWCNT sidewalls surface is associated to the small shift observed in the C=O band of the
carboxylic group (Figure 1c). Moreover, it has been reported that carbon groups stabilize the growth of
zirconia nanoparticles on the fCNTs surface [31]. The C=C, C–H and C–O–C vibration bands are in the
region of 1200 to 1550 cm−1 inherent to CNTs structure. Figure 2 presents the fingerprint region of
CNTs (a) and fCNTs (b) in a range of 400 to 1800 cm−1. Figure 2c shows a broad band between 400–750

207



Nanomaterials 2020, 10, 1328

cm−1 corresponding to ZrO2 vibration modes with a broad maximum at 480 cm−1 assigned to Zr–O–Zr
asymmetric stretching and deformation modes [32].
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Figure 1. FTIR spectra of (a) pristine carbon nanotubes (CNTs), (b) functionalized CNTs and
(c) ZrO2-fCNTs in a range from 4000–400 cm−1.
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Figure 2. FTIR spectra of (a) pristine CNTs, (b) functionalized CNTs and (c) ZrO2-fCNTs in a range
from 1800–400 cm−1.

3.2. Raman Spectroscopy

The Raman spectra of the pristine and functionalized CNTs are shown in Figure 3. Three
characteristic bands can be observed at ≈1340 cm−1, the D-band known as the disorder mode due to
the graphitic planes and other forms of carbon and defects present on the nanotube walls. At ≈ 1570
cm−1 the G-band graphite mode, corresponding to planar vibration of carbon atoms in graphene and a
weak shoulder of the G-band, at higher frequencies ≈1610 cm−1, D′ is present as a double resonance
feature induced by disorder and defects [33].

The ID/IG ratio is an indication of the quality of the sample [33]. The ID/IG ratio for the pristine
sample was 1.06. This ratio increases in the fCNTs to 1.17 due to addition of new defect sites on the
walls from the oxidizing treatment.
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Figure 3. Raman spectra of (a) pristine CNTs and (b) functionalized CNTs.

3.3. Surface Area

The adsorption-desorption isotherms of fCNTs and ZrO2-fCNTs are presented in Figure 4.
The specific surface area given by Brunauer–Emmett–Teller (BET), and pore volume by
Barrett–Joyner–Halenda (BJH), and are summarized in Table 1. The adsorption-desorption isotherm for
the modified ZrO2-fCNTs is type IV, according to International Union of Pure and Applied Chemistry
(IUPAC) [34]. The hysteresis observed indicates the formation of mesopores in the hybrid material [34].
The specific surface area and pore volume decrease for the ZrO2-fCNTs, due to the decoration of the
nanoparticles on the nanotubes walls. Therefore, the attachment of ZrO2 affects the surface area, pore
volume and pore size distribution.
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Figure 4. Adsorption-desorption isotherms of (a) fCNTs and (b) ZrO2-fCNTs.

Table 1. Specific surface area and pore volume of fCNTs, ZrO2-fCNTs and ZrO2 nanoparticles.

Sample Area BET (m2·g−1) BJH Pore Volume (cm3·g−1)

fCNTs 298.4 2.52
ZrO2-fCNTs 92.12 0.20

ZrO2 249.1 —

3.4. Thermal Analysis

The thermodegradation process of pristine (pCNTs) and functionalized (fCNTs) samples shows
that the decomposition process occurred in one stage with Ti 426 ◦C and 504 ◦C, respectively, Table 2.
The lower Ti of pCNTs is probably due to the presence of amorphous carbon present at the surface, but
eliminated from the fCNTs during the oxidative treatment. The total decomposition of fCNTs is higher
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since they have a smaller number of walls and fewer impurities. The ZrO2-fCNT presents a first weight
loss at low temperatures 80–150 ◦C, attributed to desorbed water, then a two stage decomposition, the
first between 276–347 ◦C with a weight loss of 2% attributed to decomposition of physiosorbed organic
species, from remaining residues of zirconium isopropoxyde compound used in the synthesis of the
zirconia nanoparticle, and a second stage of CNTs decomposition between 366–597 ◦C with 40% weight
loss, Table 2. The effect of ZrO2 nanoparticles lowering the decomposition temperature of fCNTs is
well known, with a catalyzing effect on carbon decomposition. The percentage of ZrO2 present in the
nanocomposite was 40%, in good agreement with the initial amount added during the synthesis.

Table 2. Thermal analysis of pCNTs, fCNTs and ZrO2-fCNTs.

Sample
First Stage

Weight
Loss (%)

Second Stage
Weight
Loss (%)

Percentage
of ZrO2Ti (◦C) T Decomp. (◦C) Ti (◦C) T Decomp. (◦C)

pCNTs 426 724 91 — — — —
fCNTs 504 707 97 — — — —

ZrO2-fCNTs 80 150 10 — — —
40276 347 2 366 597 40

3.5. Zeta Potential

The zeta potential technique was used to understand the electrostatic interactions in the hybrid
CNTs dispersions. An electrical field is applied across the suspensions which vary the movement of
the particles [35]. The mobility of particles gives information of the charge present. Furthermore, the
colloidal stability is controlled by the electrostatic interactions of the particles and the solvent [36].
The zeta potential spectrum of fCNTs is shown in Figure 5a. The mean value of zeta potential is −51.84
mV with a standard deviation of 9.66 mV. The negative charge of fCNTs is due to the deprotonation of
functional groups (carboxylic and hydroxyl groups) which were attached to the CNTs walls during the
acidic treatment. Figure 5b shows the zeta potential measurement of the ZrO2-fCNTs sample with a
mean value of −26.87 mV and a standard deviation of 2.69 mV. The ZrO2 nanoparticles are attached to
the functional groups, which neutralize part of the fCNTs charge, then the zeta potential of ZrO2-fCNTs
is lower than for fCNTs. Clogston and Patri [35], reported that the nanoparticles with zeta potential
values between ±10 mV are considered neutral while the values greater than +30 mV or less than −30
mV are considered strongly cationic or anionic, respectively. Therefore, the solutions of fCNTs, and
ZrO2-fCNTs can be considered strongly anionic and moderated anionic, respectively. The charge of the
CNTs plays an important role in the colloidal stability and the dispersion of CNTs on the electrode
surface. As the charge of CNTs are anionic, the solvent of both samples will be the same. DMF was the
solvent selected to suspend both CNTs samples. Both suspensions, fCNTs and ZrO2-fCNTs, presented
high stability.
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Figure 5. The zeta potential curve of (a) fCNTs and (b) ZrO2-fCNTs in an aqueous solution.

3.6. X-Ray Diffraction (XRD) Spectroscopy

Figure 6, shows the diffraction pattern of CNTs, fCNTs and ZrO2-fCNTs nanostructured system.
The XRD pattern of CNTs (Figure 6a,b) are similar to those of graphite, therefore the peaks at about 25◦
and 43◦ correspond to (002) and (100) of the honeycomb lattice of single graphene sheet [37]. XRD
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patterns do not show other reflections, which means the lower presence of carbonaceous impurities or
other kind of impurities (i.e., metal oxides). With the functionalization process, the diffraction angle of
(002) plane decreases while the interplanar distance and intensity increases, as it is shown in Table 3.
This is related to the decrease of the outer CNT diameter [38].
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Figure 6. X-ray diffraction (XRD) pattern of (a) pristine CNTs, (b) functionalized CNTs and (c)
ZrO2-fCNTs.

Table 3. XRD parameters of CNT samples of the (002) plane.

CNT Sample 2θ (◦) d (Å) FWHM (◦) Intensity (a.u)

Pristine 25.36 3.59 3.96 384
Functionalized 25.18 3.61 3.73 885

XRD pattern of ZrO2-fCNTs (Figure 6c) shows the zirconia reflections. The 2θ values of ZrO2-fCNTs
pattern match very well with the values of the cubic phase of ZrO2 reported by Luo, T. Y. et al. [39].
(Table 4). The presence of CNTs reflections is not evident due to the amount of CNTs (36%) respect to
ZrO2 used. Using the Scherrer’s equation [40], the crystal size of ZrO2 obtained was 8.1 nm.

Table 4. Diffraction angle values of ZrO2-fCNTs and ZrO2, and their miller indexes.

Reflection Angle (2θ) (◦)
Miller Index

ZrO2-fCNTs ZrO2 Cubic Phase

30.30 30.51 (111)
35.25 35.19 (200)
50.54 50.68 (220)
60.24 60.33 (311)
63.08 63.21 (222)
74.62 74.74 (400)

Zirconia has three crystalline phases: cubic stable at temperatures greater than 2370 ◦C, whereas
the tetragonal is stable in the temperature range from 1170 to 2370 ◦C and monoclinic phase stable at
temperatures lower than 1170 ◦C. To obtain stabilized high temperature phases at room temperature,
zirconia has to be stabilized with yttrium or other dopants. However, for small crystal size it has been
found that zirconia the high temperature phases are stable at room temperature depending on crystal
size [41,42]. The presence of CNTs stabilizes the ZrO2 cubic phase [43]. The cubic phase has high ionic
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conductivity and low thermal conductivity, and in small crystal, size has a good electrical conductivity,
therefore it has been used as an oxygen sensors and solid oxide fuel cells, due to the ability of oxygen
ion to move freely through the crystal structure [44].

3.7. Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and Atomic Force
Microscopy (AFM)

SEM, TEM and AFM analysis of the different materials are shown in Figure 7. FESEM image
of ZrO2-fCNTs sample is shown in Figure 7a, zirconia nanoparticles can be observed decorating
the carbon nanotubes. The EDS analysis showed the presence of zirconium, oxygen and carbon
(Figure 7e). TEM images show the characteristic morphology of fCNTs with an average diameter
12 ± 2 nm (Figure 7b), the ZrO2-fCNTs image can be observed in Figure 7c, showing the rounded
zirconia nanoparticles with a random distribution on the fCNTs walls. Table 5 shows that the diameter
of CNTs has decreased after functionalization due to some degradation of nanotube’s walls during the
acid treatment process. The particle size of zirconia nanoparticles is 6.6 ± 1.8 nm in good agreement
with the size obtained by XRD. Figure 7d is the AFM image in amplitude mode of carbon nanotube
decorated with zirconia nanoparticles.
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Figure 7. Morphological characterization: (a) field emission scanning electron microscopy (FESEM)
image of ZrO2-fCNTs. Transmission electron microscopy (TEM) image of (b) fCNTs and (c) ZrO2-fCNTs
nanostructure system. (d) Atomic force microscopy (AFM) amplitude image of ZrO2-fCNTs. (e) Energy
dispersive spectrometer (EDS) analysis of area in (a).

Table 5. Diameter distribution of CNT samples.

CNT Sample
Diameter

(nm)
Distribution of Diameter

(nm)

Pristine 18 ± 4 12–25
Functionalized 12 ± 2 7–16

3.8. Electrochemical Characterization

Cyclic voltammograms of the PB/fCNTs/GC and PB/ZrO2-fCNTs/GC modified electrodes, in a 0.1
mol·L−1 PBS (pH 6.8) solution, were performed at scan rates between 10–500 mV·s−1 (Figure 8). The current
signal between +0.1 and +0.3 V is associated to redox reactions of high spin Fe(CN)3−/4−

6 (PB/PW redox
reaction, reaction 1), and another current signal, between 0.7 V and 1.0 V, correspond to electrochemical
reactions of low spin Fe3+/2+ (Prussian blue/Berlin green redox reaction, reaction 2) [45,46].

FeIII
4

[
FeII(CN)6

]
3
+ 4e− + 4K+ � K4FeII

4

[
FeII(CN)6

]
3

(R1)
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PB PW

FeIII
4

[
FeII(CN)6

]
3
+ 4A− � K4FeIII

4

[
FeIII(CN)6A

]
3
+ 3e− (R2)

PB BG

where A− is the anion supplied by the electrolyte.
For PB/fCNTs/GE modified electrode, in the reduction zone, the Ipa/Ipc has an average of 0.86,

which indicates an almost-complete reversibility at the electrode; while peak-to-peak separation
potential (ΔEp) is +0.26 V showing a higher resistance produced by the layers. In the oxidation zone
the Ipa/Ipc average is 1.13 and ΔEp is +0.16 V [47]. The PB/ZrO2-fCNTs/GC modified electrode, in the
reduction zone, displays a Ipa/Ipc of 0.79 and the ΔEp is +0.28 V; while in the oxidation zone, displays a
Ipa/Ipc of 1.6 and the ΔEp is +0.27 V. These results, suggest a quasi-reversible reaction processes of the
PB at the modified electrode surfaces. For both modified electrodes, the E1/2 was almost independent
of the scan rate. The electrochemical results demonstrate that PB maintains good electrochemical
activity at both modified electrodes [48].

Figure 8 shows that the peak current of PB in both composite films (fCNTs and ZrO2-fCNTs)
increases linearly with scan rate up to 50 mV·s−1 (Figure 8a,b, Inset 1) indicating a surface-limited
redox process. At scan rates higher than 50 mV·s−1, the plot of peak current of PB vs. ν1/2 in both
composite films is linear, revealing a diffusion-controlled process (Figure 8a,b, Inset 2), according to
the Randles–Sevcik equation, which we have related to the slow diffusion of potassium and/or sodium
ions into the composites lattice. This indicates that the reaction kinetics changes with the scan rate
interval [49].
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Figure 8. Cyclic voltammograms response of the (a) PB/fCNTs/GC and (b) PB/ZrO2-fCNTs/GC modified
electrodes, in a 0.1 mol·L−1 PBS (pH 6.8) solution, at scan rates between 10–500 mV·s−1. Inset (1) current
vs. scan rate, and inset (2) current vs. (scan rate)1/2.
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The surface concentration (ΓC) of PB in modified electrodes was calculated, using the cathodic
peak located around 0.3 mV, from the slope Ip vs. ν (Figure 8a,b, Inset 1), according to Equation (1) [50],
assuming a transfer of four electrons per unit cell of PB [51]:

Ip =
n2F2AνΓC

4RT
(1)

The average value of ΓC for the redox peaks was 3.98 × 10−10 and 1.2×10−9 mol·cm−2 at
PB/fCNTs/GC and PB/ZrO2-fCNTs/GC modified electrode (for ν < 500 mV s−1), respectively. Increasing
the time of electrodeposition of the PB film on both modified electrodes from 100 up unaffected ΓC

value. The deposition time was fixed to 240 s for further investigations because deposition at longer
times produced CVs with higher capacitive currents and ΔEp values higher than 0.8 V. PB should
be preferentially electrodeposited on the ZrO2-fCNTs/GC electrode, since the ΓC calculated value is
the largest on the PB/ZrO2-fCNTs/GC electrode. These results are fully consistent with the idea of
a PB-ZrO2 preferably interacting within the ZrO2-fCNTs composite host. One of the reasons may
be that the molecular PB can enter the cavity of the ZrO2 and electrodeposited on the ZrO2 host.
The BET surface area of fCNTs was 298.40 ± 2.72 m2·g−1 and for the nanostructured ZrO2-fCNTs
was 92.12 ± 1.03 m2·g−1, however from the results it could be inferred that both CNTs and the ZrO2

nanoparticles are responsible for the direct electron transfer offering a synergistic effect. The carbon
nanotubes accelerate the electron transfer providing conductive pathways and increase the conductivity
of the matrix and the zirconia nanoparticles offering a more favorable surface for PB electrodeposition.
This is probably related to the number of ZrO2 particles attached to the nanotube’s wall and their
particle size, which according to Du et al. [52] and Karyakin et al. [53], this can be the cause of a series
of effects.

Electrochemical capacitance, Cdl, of the modified electrodes was studied by CV, this was carried
out in 0.1 mol·L−1 PBS (pH 6.8) and potentials from −0.75 V to −0.2 V [52]. For the CV and according
to Figure 8, the background current is a function of the scan rate, and is described by the following
Equation (2):

j = Ic/A = Cdl ν (2)

where the A is the effective surface area, ν is the scan rate, and Cdl is the double layer capacitance.
The plot of current density (Ic/A) versus scan rate (ν) gave a straight line where the slope is (Cdl)
of the electrode. Figure 9 shows the linear regression of background current (charging current)
respect to the scan rate. The Cdl obtained for PB/fCNTs/GC was 2.37 mF·cm−2, and the Cdl of the
PB/ZrO2-fCNTs/GC electrode was 1.51 mF·cm−2. This indicates that PB/ZrO2-fCNTs/GC electrode
exhibited lower electrode-specific capacitance than PB/fCNTs/GC electrode. This result effectively
confirms the results obtained by BET surface area.
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Figure 9. Linear regression of background current density respect to the scan rate (capacitance).

3.9. Stability of PB Films

Haghighi et al. [54] reported that PB films showed decay due to both
non-faradaic (presence of OH− at high pH buffers) as well as faradaic processes
(FeIII

4

[
FeII(CN)6

]
3
(PB) + 12OH− → 4Fe(OH)3 + 3FeII(CN)4−

6 ). Where the OH− in formation
of ferric hydroxide is responsible for the cleavage of the PB. The PB modified electrodes were quite
stable in 0.1 mol·L−1 PBS (pH 6.8) solutions. Peak current did not decrease through cycling from 10 to
100 times at a sweep rate of 50 mV (not shown). In agreement to the studies of zeta potential (Figure 5)
both fCNTs and ZrO2-fCNTs composites have surface negative charge. We have associated these
results to the capacity of the composites to avoid the formation of superficial OH− that originate decay
off the PB film.

The reproducibility of the modified electrodes was performed by testing ten electrodes,
manufactured in the same way, all of them showed an acceptable reproducibility with a RSD average
of 2.0–3.6%. The long-term storage stability of the modified electrodes was examined using procedures
already reported [55]. After a 30-day storage period, the PB/ZrO2-fCNTs/GC modified electrode still
retained 95% of its initial current response which indicated that it had a good stability, while the
PB/fCNTs/GC electrode only retained 80% of its initial current response.

3.10. Cyclic Voltammetry Behavior of the PB/ZrO2-fCNTs/GC Modified Electrodes in Presence
of Hydrogen Peroxide

On conventional electrodes, peroxide reactions require high overvoltage, either reduction or
oxidation, reactions 3 and 4 [55]. The challenge in the literature is to produce chemically modified
electrodes, at which the overvoltage, both the electrochemical H2O2 oxidation and reduction reaction
can be reduced so that measurements can be performed at oxidation potentials less than +1.0 V and
reduction potentials below −0.1 V (vs. SCE) [54], respectively. According to our previous results [47],
the PB/fCNTs/GC electrode exhibited an unstable behavior at the potentials applied for detection
H2O2. Therefore, the PB/ZrO2-fCNT/GC modified electrode was considered the best electrode for
the evaluation H2O2 detection in terms of operability. Figure 10 shows cyclic voltammograms of
hydrogen peroxide at PB/ZrO2-fCNTs/GC electrode, where well-defined redox peaks were obtained.
In the presence of H2O2, both zones of the voltammogram showed a marked decrease in the reverse
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redox currents and both zones showed an increase in the forward redox currents, demonstrating that
the electrocatalytic reduction and oxidation of hydrogen H2O2 occurred in both zones. The redox
peaks at +0.6 V presented an electrocatalysis towards the oxidation of H2O2 (reactions 4), while the
redox peaks at +0.2 V electrocatalyzed the H2O2 reduction (reactions 3). PB/ZrO2-fCNTs/GC electrode
shows a decrease in the over-voltages to reduce or oxidize peroxide. Figure 10 also demonstrates that
at PB/ZrO2-fCNTs/GC electrode the electroxidation of hydrogen peroxide is more effective, due to the
better response of the modified electrode to increased peroxide concentration. In addition, the anodic
peak current increased by ca. 25 and 10% and the cathodic peak decreased by ca. 20 and 30%, clearly
indicating a catalytic oxidation reaction.
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Figure 10. Cyclic voltammograms of hydrogen peroxide at PB/ZrO2-fCNTs/GC electrode in a 0.1 mol·L−1

PBS (pH 6.8) solution. Scan rate 40 mV·s−1.
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3
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3
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3.11. Electrochemical Detection of H2O2 at PB/ZrO2-fCNTs/GC Electrode

The electrocatalytic oxidation of H2O2 at PB/ZrO2-fCNTs/GC modified electrode was studied
using CA (Figure 11). The current signal was linear for H2O2 concentrations (range of 3 × 10−5 to
6 × 10−4 mol·L−1, y = 0.0916x + 4 × 10−6, R2 = 0.999). Quantification limit (LQ) was 10.91 μmol·L−1

and detection limit (LD) of 3.5913 μmol·L−1. Due to these results, we suggest the PB/ZrO2-fCNTs/GC
modified electrode to detect peroxide in the oxidation zone.
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Figure 11. Chronoamperometric detection of H2O2 at the PB/ZrO2-fCNTs/GC electrode, in a 0.1 mol·L−1

PBS (pH 6.8) solution and its calibration curve. Working potential of 1.0 V vs. Ag/AgCl.

Current signals at PB/ZrO2-CNTs/GC in the presence of H2O2, (Ic), and in the absence of H2O2,
(IL), were used to evaluate the rate constant, Kc, for the catalytic reaction, Equation (3) [56]:

Ic

IL
= (KcCπ)1/2t1/2 (3)

where Kc, C, and t are the rate constant of the catalytic chemical reaction (cm3 mol−1 s−1), the bulk
concentration of H2O2 (mol·cm−3) and the fixed time (s), respectively. From the plot of Ic/IL versus
t1/2 slope (not shown), the value of Kc was obtained for a fixed concentration of H2O2. The Kc mean
value in the concentration range 3 × 10−5 to 6 × 10−4 mol·L−1 was 10.73 × 106 cm3·mol−1·s−1, which is
about 3.5 times lower than the value of 3 × 106 cm3·mol−1·s−1 reported for PB [57,58].

3.12. Comparison of Results

Table 6 shows the comparison of the results obtained, in Section 3.11, with others previously
reported in the literature. PB/ZrO2-fCNTs/GC modified electrode has better detection limit than other
reports, suggesting that the electrode coating can be used successfully to sense H2O2.

Table 6. Comparison of the results obtained at modified electrodes with other electrode reported in
the literature.

Modified Electrode
Sensitivity
(μA mM−1)

Detection
Limit (mM)

Detection
Potential

(V)
Ref.

PB/ZrO2-fCNTs/GC 91.3 0.00359 +1.0 this work
PB-fCNTs/GC. 163.01 0.015 0.00 [47]

HRP-TiO2/fCNTs/GC 963 0.81 −1.50 [47]
HRP from leaves of Guinea

grass/graphene. 39.93 0.15. −0.65 [59]

CuInS2-graphene/HRP. 11.2 0.047 −0.2 [60]
Prussian blue nanocubes on reduced

graphene oxide. Not reported 0.04 0.2 [61]

HRP/chitosan-gelatin composite
biopolymers nanofibers/

graphite electrode.
44 0.05 −0.30 [62]

Pt/Au 22.181 0.06 −0.20 [63]
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4. Conclusions

It was proved that the fCNTs and ZrO2-fCNT improved the electron transfer behavior of the
GC electrode. The changed surface area of fCNTs by in situ zirconia nanoparticles synthesis induces
changes in the electron transfer behavior. Furthermore, the fCNTs and ZrO2-fCNTs layers exhibit
good compatibility and affinity to the PB layer. The applicability of the sensor for detection of
hydrogen peroxide at the ZrO2-fCNTs/GC electrode was demonstrated. The best electrochemical
detection and linear range detection is shown by the ZrO2-fCNTs/GC modified electrode. Based
on these advantages, the fabricated sensor exhibits good electrochemical sensibility, reversibility,
and excellent linear relationship, nonetheless, the detection limit of the electrode can be improved,
especially enhancing the conditions of hydrogen peroxide detection. Finally, the zirconia doped carbon
nanotubes can be used in the development of enzyme based biosensors, which is the basis for future
studies in our laboratory.
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Abbreviations

• Prussian blue (PB)
• glassy carbon (GC)
• zirconia (ZrO2)
• carbon nanotubes (CNTs)
• pristine carbon nanotubes (pCNTs)
• functionalized carbon nanotubes (fCNTs)
• Berlin green (BG)
• Prussian white (PW)
• poly(diallyldimethylammonium chloride) (PDDA)
• cyclic voltammetry (CV)
• chronoamperometry (CA)
• anion supplied by the electrolyte (A-)
• quantification limit (LQ)
• detection limit (LD)
• thermogravimetric analysis (TGA)
• transmission electron microscopy (TEM)
• field emission scanning electron microscopy (FESEM)
• atomic force microscopy (AFM)
• X-ray diffraction (XRD)
• Fourier transform infrared (FTIR)
• dimethylformamide (DMF)
• Brunauer–Emmett–Teller (BET)
• Barrett–Joyner–Halenda (BJH)
• multi-walled carbon nanotubes (MWCNTs)
• International Union of Pure and Applied Chemistry (IUPAC)
• horseradish peroxidase (HRP)
• surface concentration (ΓC)
• geometric area (A)
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• current (I)
• current density (j)
• anodic peak current (Ipa)
• cathodic peak current (Ipc)
• half-wave potential (E1/2); peak-to-peak separation potential (ΔE)
• peak current (Ip)
• number of electrons involved in the redox process (n)
• F = 96 485 C mol(e)−1

• Scan rate (ν)
• R = 8.314 J K−1 mol−1 and temperature (T)
• rate constant for the catalytic reaction (Kc)
• time (t)
• double layer capacitance (Cdl).
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