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Abstract

:

Recently, carbon allotropes have received tremendous research interest and paved a new avenue for optical fiber sensing technology. Carbon allotropes exhibit unique sensing properties such as large surface to volume ratios, biocompatibility, and they can serve as molecule enrichers. Meanwhile, optical fibers possess a high degree of surface modification versatility that enables the incorporation of carbon allotropes as the functional coating for a wide range of detection tasks. Moreover, the combination of carbon allotropes and optical fibers also yields high sensitivity and specificity to monitor target molecules in the vicinity of the nanocoating surface. In this review, the development of carbon allotropes-based optical fiber sensors is studied. The first section provides an overview of four different types of carbon allotropes, including carbon nanotubes, carbon dots, graphene, and nanodiamonds. The second section discusses the synthesis approaches used to prepare these carbon allotropes, followed by some deposition techniques to functionalize the surface of the optical fiber, and the associated sensing mechanisms. Numerous applications that have benefitted from carbon allotrope-based optical fiber sensors such as temperature, strain, volatile organic compounds and biosensing applications are reviewed and summarized. Finally, a concluding section highlighting the technological deficiencies, challenges, and suggestions to overcome them is presented.
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1. Introduction


Carbon allotropes have been extensively used in many sensing applications for targets such as temperature, pressure, magnetics, environmental pollutants, and biomolecules, either on their own or via other host-supports such as optical fibers, electrodes, and field-effect transistors [1,2,3,4]. Among these technologies, optical fiber-based sensors have attracted significant interest due to the surface versatility of silica or plastic optical fibers that allows a wide range of surface modifications. Other interesting properties, such as small dimensions and lightweight features that enable compact system design, real-time monitoring, multiplexing capabilities, and resistance to harsh environments, also offer significant advantages for the development of practical carbon allotrope-based optical fiber sensors (OFS) [5]. Carbon allotrope-based OFS exist in various system designs due to the variety of fiber structures, optical interrogation methods, and deposition techniques that can be adopted to achieve highly sensitive and selective detection of target molecules. Nevertheless, these sensors usually share a common sensing scheme, where a small portion of the guided wave energy, known as the evanescence wave, penetrates the fiber cladding and interacts with the nanocarbon coating [6]. The bindings of molecules or physical changes in the surrounding environment can be detected by the evanescence wave and contribute to a refractive index and/or optical property change that enables quantification of target molecules or physical parameters. In some instances, surface-modified carbon allotropes also permit multi-parameter detection capabilities of carbon allotrope-based OFS [7]. As such, an insight into the recent advances of carbon allotrope-based OFS can serve as a guideline to develop an effective detection approach for emerging real-world applications. Many review articles on carbon allotrope-based OFS mainly focus on a single type of carbon allotrope and the fundamental theory of carbon allotrope-based OFS [8,9]. Thus, this comprehensive review article encompasses the properties, preparation, sensing mechanisms, nanocoating deposition techniques, physical and biochemical sensing applications. This review aims to highlight the recent research work on carbon allotrope-based OFS that will serve as a reference guide for researchers to develop optimal detection approaches for physical parameters or trace level monitoring of chemical and biomolecules. Four groups of carbon allotropes, including carbon nanotubes (CNT), carbon dots (CDs), graphene, and nanodiamonds (NDs), will be studied. Commonly adopted synthesis approaches, classification of various deposition techniques for the integration of carbon allotropes as the thin film coating of OFS as well as numerous examples of these carbon allotrope-based OFS will also be outlined.




2. Classifications of Carbon Allotropes


2.1. Carbon Nanotubes


CNTs are one of the most well-known members of the nanocarbon family. CNTs can be divided into single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs), both of which were discovered by Iijima in 1991 and 1993, respectively [10,11]. Since then, there has been a great interest in these species due to their outstanding structural, mechanical, and electronic properties. Generally, SWCNTs comprise one layer of sp2-hybridized carbon atoms rolled up into a seamless cylinder with diameter and length in the nanometer and micrometer range, respectively. On the other hand, MWCNTs consist of multiple concentric CNTs with an interlayer spacing of 3.4 Å [12]. Physically, CNTs have high length-to-diameter aspect ratios, often exceeding 10,000, and therefore are one of the most anisotropic nanomaterials ever produced. Mechanically, CNTs are among the strongest and stiffest fibers, attributed to the strong sp2 bonds between the individual carbon atoms.



Typically, the surface properties of CNTs are the main reason for the inability of CNTs to disperse in organic or polar solvents. Even though the two ends of the CNTs exhibit oxygen-containing moieties that are generally hydrophilic, the wall that constitutes a major portion of the CNT’s surface area is hydrophobic [13,14]. Thus, CNTs are often solidly held together in bundles due to the strong van der Waals interaction. The dispersion and modification of hydrophobic CNTs are often a major challenge during the functionalization of CNTs onto the optical fibers [15]. Since CNTs in aqueous or polar solvents tend to aggregate swiftly, they are often dispersed in non-polar organic solvents such as dimethylformamide (DMF) or by modifying the CNTs with polymers or surfactants. Nevertheless, the dispersity obstacle in aqueous solution can be indirectly viewed as an advantage since optical fibers functionalized with CNTs dispersed in organic solvents enable the solvent to be easily removed by evaporation [15].



The electronic properties of CNTs are highly dependent on the physical structure, such as the atomic arrangement of the carbon atoms (chirality), length, and diameter of CNTs (Figure 1). The chirality of SWCNT indicates the angle at which a graphene sheet is being rolled up, as well as the alignment of the π-orbitals. The atomic structure of CNTs can be defined in the form of a chiral vector:       c h   ⇀  = n    a 1   ⇀  + m    a 2   ⇀    , where n and m can be termed as the number of steps along with the zigzag carbon bonds of the honeycomb lattice and       a 1   ⇀     and       a 2   ⇀     are the unit vectors. There are three different types of CNTs, namely armchair, zigzag, and chiral tubes. Armchair tubes have an equal n and m values and have a chiral angle of 30°. On the other hand, zigzag tubes have m=0, and exhibit a chiral angle of 0° while chiral tubes can exhibit any other values. The chirality is vital in determining the conductivity property of the CNTs. Conducting CNTs are in achiral and armchair configuration (n, n). Alternatively, chiral (n, m) and achiral zigzag (n, 0) CNTs are semiconductors with the exception when the      n − m  3     results in a whole number. As the diameter of CNTs increases, the band gap tends to reduce and can result in a zero-bandgap semiconductor [15]. Besides chirality, the properties of CNTs can also be influenced by catalytic particles and dopants [16,17], as well as functionalization of the side walls [18,19]. The physical and electronic properties have led CNTs to be integrated into sensors with various types of sensing modalities, exhibiting outstanding adaptive and sensory capabilities.




2.2. Carbon Dots


Fluorescent CDs were discovered accidentally during a typical gel electrophoresis purification of SWCNTs prepared via an arc-discharge procedure [20]. The fluorescent carbon nanoparticles, which later became known as CDs, are identified and separated from the carbon soot as a by-product of the arc-discharge process. CDs, also known as carbon quantum dots (CQDs) or carbon nanodots (CNDs), is another category of carbonaceous material. CDs are sometimes used interchangeably with graphene quantum dots (GQDs). However, there is some obvious physical distinctions between CDs and GQDs. GQDs refer to graphene monolayers that are fragmentized into nanosized pieces, comprising mainly of sp2-hybridized carbon atoms [21]. On the other hand, CDs are quasi-spherical carbon nanoparticles with a dimension below 10 nm [22,23,24]. CDs typically consist of amorphous or crystalline cores with sp2-hybridized carbon configuration. Some studies have also described CDs to exhibit diamond-like sp3 carbon configuration [25].



Surface moieties on CDs are typically introduced during the synthesis process. Different types of surface functional groups such as C=O, C–O, C–OH, and C=C can exist on the CDs surface and is highly dependent on the types of precursors used. For instance, Dong et al. [26] synthesized fluorescent CDs using citric acid and branched polyethyleneimine (BPEI) and low-temperature heating. The resultant product was found to be covered with amino-rich BPEI. These functional groups are vital for sensing applications since they can form certain coordination bonds with specific molecules and trigger some optical properties changes. The precursors used for the preparation of CDs can also introduce various types of dopant ions into CDs that can modulate the optical and sensing properties of CDs [27,28]. Shan et al. [29] employed boron-doped CDs prepared via a one-pot solvothermal synthesis using boron tribromide as the boron source and hydroquinone as the carbon precursor to sensitively detect hydrogen peroxide and glucose. Post functionalization with specific chelating groups or biomolecules is another method to endow CDs with sensitive and specific targeting capabilities [30]. In many CDs-based sensing schemes, there will be changes in fluorescence emission intensity that can be attributed to three main mechanisms, namely the inner filter effect, photo-induced electron transfer, and Forster resonance energy transfer [3].



The fluorescence property of CDs is a unique feature that is widely used in sensing applications, and the emission of CDs can be either excitation-dependent or excitation-independent [31,32,33]. For excitation-dependent CDs, the fluorescence emission wavelength can be tuned from 400 to 750 nm with a gradual increase in excitation wavelength [34]. The fluorescence intensity of the CDs can also be influenced by environmental factors such as types of solvents [35], Ph [36], temperature [37], and the concentration of CDs [38]. Interestingly, CDs also exhibit up-conversion fluorescence emission that is highly beneficial for in vivo biological applications [24,33,39,40]. Even though it is still a matter of intensive discussion, the origin of the fluorescence property is generally attributed to the quantum confinement effect, various surface functional groups, and existence of fluorophore species on the CDs surface [3].




2.3. Graphene


Graphene consists of two-dimensional covalently bonded monolayer carbon atoms arranged in a hexagonal network. Graphene has been long believed as a hypothetical structure until proven experimentally by the ground-breaking work of Novoselov et al. [41], which earned them the Nobel Prize in 2010. Novoselov et al. [41] developed a strategy to isolate single-layer graphene from the highly oriented pyrolytic graphite via repeated peeling using scotch tape. Since then, there has been an exponential increase in research employing graphene in optoelectronics [42], energy storage [43], energy conversion [44], and biomedical applications [45,46], due to its many unique virtues. Graphene is also an interesting candidate for sensing applications owing to its high sensitivity towards external stimuli since each carbon atom is a surface atom, thus having an extremely high surface to volume ratio [47]. Due to the delocalized π-electrons on its surface, the physical properties of graphene can also be tuned and modified to allow specific interaction with certain molecules [48].



The electrical properties of graphene also play an important role in sensing applications. Specifically, the electrical conductivity of graphene will change after the absorption of molecules on the surface of graphene because the molecules may act as electron donors or acceptors and thus, affecting the carrier concentration [49,50]. Moreover, graphene is highly conductive with low Johnson noise therefore a small variation in carrier concentration can result in a notable change in electrical conductivity. Besides, graphene has also been reported to possess surface-enhanced Raman scattering (SERS) property, enabling trace-level of target molecules to be detected by amplifying the characteristic Raman signals [51,52,53]. Serving as an alternative to noble metals such as gold or silver, graphene exhibits tunable surface plasmons at infrared and THz frequencies [54,55]. The electronic band configuration of graphene is determined by a combination of linear dispersion relation and vanishing density of states at the Fermi level in its neutral state [56,57]. As the Fermi energy deviates from the neutrality point, graphene exhibits metallic optical response, leading to the existence of plasmons. Many studies also described the advantages of graphene plasmons that include lengthy lifetime, large spatial confinement and field enhancement, as well as tunability via electrostatic grating [58].



Apart from the electronic properties, graphene presents distinctive optical properties that are widely used for sensing applications. Despite being a zero-bandgap material at pristine condition, graphene oxide (GO) that has heterogeneous functional moieties exhibits strong emission from the UV to near-infrared range [47]. The strong emission is attributed to the electronic transition between the pristine sp2 carbon domain and the functional moieties located at the boundaries of the GO sheets [59]. The fluorescence emission of GO can be enhanced or quenched, depending on the presence and concentration of the target molecules [60]. GO is often applied as an active material that is functionalized on an optical fiber. In many cases, the optical fiber served as the transmission medium to send the excitation signal as well as to capture the fluorescence emission to the photodetector. Therefore, an effective setup configuration that can couple maximum fluorescence emission intensity back to the fiber is critical, particularly for microstructured optical fibers [61].




2.4. Nanodiamonds


Diamond is long-known for its outstanding properties such as superior thermal conductivity and extreme hardness. However, nano-scaled diamonds, also known as NDs, were only discovered by Soviet scientists in the 1960s [62]. The NDs were detected in the soot after the detonation of oxygen-deficient TNT/hexogen composition in an inert environment with no additional carbon supply [63]. NDs continued to be relatively unknown until the end of the 1980s [64]. Unlike CNTs, graphene, and CDs that consist of sp2 graphitic carbon, NDs comprise only of sp3 carbon atoms and have a diamonoid-like morphology. Generally, the dimension of NDs ranges from 2 to 20 nm, which are considerably smaller than bulk diamond and diamond abrasive powders but are bigger than organic diamonoid molecules [47]. NDs tend to form aggregates, and even commercial NDs contain large NDs clusters that cannot be dispersed via ultrasonication treatment [65]. Thus, many methods have been developed to de-aggregate the NDs. Osawa et al. [66] developed two methods to break up NDs aggregate in various non-aqueous mediums. The first method is by using stirred-media milling with zirconia microbeads, capable of reducing the diameter of the NDs from 200 nm to 4–5 nm within 100 min. Despite being able to break up large aggregates, this method also wears out the beads, blades, and vessels that introduces zirconia contamination to the NDs solution. Thus, further treatment with strong acids is required to remove the zirconia nanoparticles. The second method is by using high-power ultrasonication with the assistance of zirconia beads. This bead-assisted sonic disintegration (BASD) method can reduce the size of the aggregates to a similar dimension as compared to the first method without requiring any post-treatment. Dry milling is another economical and facile approach that does not introduce any contaminant species and reduces the size of NDs aggregates from micrometer to nanometer range [67]. Pentecost employed water-soluble compounds such as sodium chloride and sucrose during the milling process that can then be removed by rinsing the NDs with water. Ultracentrifugation is another contaminant-free strategy to separate NDs into different sizes by mass and dimension, but the yield of this method to obtain single-digit NDs is very low [68].



The most unique property of NDs which distinguishes them from other carbon allotropes is the presence of the fluorescent defect center, known as nitrogen-vacancy (N-V) center. N-V centers have been an important characteristic for sensing applications as their PL is strong and resistant to photobleaching with an obvious zero-phonon line even at ambient temperature, electron spin triplet nature of the electronic ground state as well as the dependence of PL emission intensity on the strength of spin projection on the symmetry axis of the N-V center [69]. The N-V center is a defect in the crystal structure of NDs, as shown in Figure 2. One out of the two neighboring carbon atoms in the NDs crystalline lattice is substituted with a nitrogen atom while the other is a vacancy without any replacement atom. The two unpaired nitrogen electrons form the spin triplet ground and excited states ms = 0, ±1. These states can be optically initialized, manipulated and determined at ambient temperature. After being optically excited, the N-V centers can transit between the ground and electronically excited states. The N-V centers can relax to the ground state via radiative and nonradiative pathways. Practically, the radiative transition can results in a wide PL spectrum with a zero-phonon line at 637 nm that can be employed for accurate sensing measurement [70,71]. On the other hand, the nonradiative pathway is the intersystem crossing (ISC) to the singlet states located below the excited triplet state [72]. A resonant microwave frequency can also be used as the excitation source to excite the population to ms = ±1 spin level. Subsequently, non-radiative decay can take place as a result of ISC, and a decrease in PL emission can be detected. For magnetometry, the N-V center under an unknown magnetic field will produce a split between the ms = ±1 spin sub-level. The electron spin resonance transition between the sublevels can be employed to determine the strength and direction of the magnetic field. In summary, Table 1 shows the properties comparison for different carbon allotropes.





3. Synthesis Approaches of Carbon Allotropes


Generally, carbon allotropes are prepared from carbon precursors such as graphite, organic gases, green organic compound, or volatile organic compounds (VOCs) by using various synthetic approaches to reorganize the carbon atoms. In this section, the preparation methods of CNTs, CDs, graphene, and NDs will be comprehensively discussed and reviewed.



3.1. Carbon Nanotubes


CNTs can be prepared via three main techniques as follow: arc-discharge method, chemical vapor deposition (CVD), and laser ablation method. The arc-discharge procedure is carried out in a vacuum chamber using two carbon electrodes as the precursor [73,74]. The chamber is filled with inert gas to expedite the carbon deposition to form MWCNTs with near-perfect morphology. A similar condition is necessary for the formation of SWCNTs but with the addition of catalysts such as Ni, Fe, Co, Pt, and Rh. On the other hand, the laser ablation technique employs an intense laser pulse to hit a carbon target in a furnace filled with inert air with the assistance of a catalyst. The bombardment of the laser beam will vaporize the carbon precursor and form a graphene film on the substrate. Despite being able to produce high-quality CNTs, both of these methods require high preparation temperatures of about 3000–4000 °C to evaporate the carbon atoms from the carbon precursor.



In contrast, the CVD technique can be used to prepare CNTs at a much lower temperature [75]. Typically, hydrocarbon gases such as methane or ethylene are channeled into a reaction chamber and will break down into reactive species at a temperature between 500–1000 °C. In the presence of metallic particles such as Ni, Fe, or Co that serve as the catalyst, the reactive species will be coated on the substrate, leading to the formation of CNTs. By adjusting the synthesis parameters and catalysts, different types of CNTs can be prepared. As the preparation requirements are lower, the CVD technique has the potential to be employed for large scale synthesis processes. Nevertheless, CNTs prepared using the CVD technique suffers from relatively high defect densities in MWCNTs, which can be due to insufficient thermal energy. Regardless of the preparation methods, the resultant CNTs are usually contaminated with carbonaceous and metallic impurities arising from the reaction process that can adversely affect the properties of CNTs. To eliminate the carbonaceous contaminants gas phase and liquid phase purification methods are introduced [76]. Gas-phase purification uses high temperature while liquid phase purification involves washing the CNTs with acidic solutions such as nitric acid or sulfuric acid. On the other hand, metallic contaminants can be removed by heating the CNTs to the evaporation temperature of the contaminant. As such, CNTs with a purity of up to 99.6% can be achieved [77].




3.2. Carbon Dots


In general, there are two main routes to prepare CDs, known as the top-down and bottom-up. These synthesis routes can be performed via optical, chemical, or thermal processes. In the optical synthesis method, a laser is typically used to ablate a carbon target either in water or solvents. For instance, Goncalves et al. [78] reported the preparation of CDs by irradiating carbon targets using a pulsed UV laser for 60 s. The dimension of the resultant CDs is determined by the separation between the focusing lens and the carbon target, where long distance yields CDs with larger particle sizes and vice versa. However, the resultant CDs are not fluorescent and require some post functionalization to attain fluorescent property. On the other hand, Li et al. [79] prepared CDs by carrying out the laser ablation process in different solvents such as water, ethanol, and acetone. The group discovered CDs prepared in ethanol and acetone exhibit fluorescence while no fluorescence was seen from CDs prepared in water. Therefore, the group attributed the fluorescence emission to the surface moieties generated during the synthesis process.



The chemical synthesis route generally employs strong oxidative chemicals such as concentrated sulfuric or phosphoric acid to oxidize the carbon precursors to form fluorescent CDs. In one of the reports, human hair was used as the carbon precursor and dopant source to form fluorescent CDs [27]. The human hair was added to the concentrated sulfuric acid and sonicated before being stirred at 40, 100 and 140 °C for 24 h. It was found that smaller CDs can be obtained at higher temperatures. Green precursors have also been used to produce CDs by chemical oxidation. For instance, sucrose was chemically oxidized by concentrated phosphoric acid to produce CDs [80]. The as-synthesized CDs exhibit yellow emission at 560 nm under UV excitation and is stable from pH 4 – pH 11.4. In a separate report, Hu et al. [81] prepared CDs by dehydrating and oxidizing waste frying oil with concentrated sulfuric acid. The resultant CDs exhibit uniform dimensions, partially disordered graphite-like structure, and unique pH-sensitive photoluminescence.



There are several thermal synthesis routes for the preparation of CDs, namely hydrothermal, solvothermal, direct pyrolysis, and microwave-assisted pyrolysis. Hydrothermal synthesis that employs water as the solvent is one of the simplest and cost-effective methods to prepare CDs. Solvothermal, on the other hand, uses other solvents such as ethanol and dimethylformamide [82,83]. Li et al. [83] prepared CDs using a one-pot solvothermal technique with Taixi anthracite in DMF. The resultant CDs exhibited a strong photoluminescence quantum yield of 47% and a production yield of 25.6 wt%. Direct thermal treatment and microwave-assisted heat treatment has also been widely used to produce CDs with different optical properties. Typically, the carbon precursor undergoes several processes such as dehydration, polymerization, and carbonization prior to the formation of CDs [3]. Direct thermal treatment exposes the carbon precursor to a high temperature to induce the carbonization process. However, this pyrolysis process appears less favourable since it is lengthy, and the heating duration can range up to a few hours. Thus, microwave-assisted synthesis rises as a facile alternative since it is rapid, provides uniform heating and can be executed using a domestic microwave oven [84]. For instance, Chan et al. [85] prepared nitrogen and sulfur co-doped CDs by subjecting a mixture of citric acid and thiourea in water to 6 min of microwave-assisted heat treatment. The resultant CDs were found to be responsive towards ferric ion and were employed as a sensitive and selective ferric ion sensor.




3.3. Graphene


Typically, the preparation of graphene by mechanical exfoliation refers to a repeated peeling process using Scotch tape to produce thin graphene flakes. In a pioneering work by Novoselov et al. [41], a highly oriented pyrolytic graphite was exposed to dry etching using oxygen plasma to produce 5 μm deep mesas. They were then placed on a photoresist and heated up to adhere to the photoresist. Subsequently, the Scotch tape was used to exfoliate layers of graphene from the graphite sheet. Thin graphene flakes of single to few layers of graphene that adhered to the photoresist were released using acetone and transferred to a silicon substrate. Despite being a simple and effective method to produce monolayer or a few layers of graphene, this technique is limited by the low production yield.



Hernandez et al. [86] introduced a liquid exfoliation technique to obtain a single to a few layers of graphene sheets by dispersion and exfoliation in solvents. Ultrasonication enables the solvent such as N-methylpyrrolidone, N,N-dimethylacetamide, γ-butyrolactone, and 1,3-dimethyl-2-imidazolidinone that have similar surface energy to graphene, to intercalate the graphite layers. Subsequent centrifugation and decantation processes produce high-quality unoxidized graphene flakes that can be used as transparent electrodes and conductive polymers. The production yield of this method is approximately 1%, which can be further increased to 7–12% by sediment recycling. The exfoliation mechanism is governed by the fact that the energy required to exfoliate graphite into single-layer graphene is countered by the solvent-graphene interaction. Nevertheless, this liquid exfoliation method suffers from incapability to control the number of graphene layers, defects, as well as difficulty to remove the residual solvents, which can have an adverse effect when used as a sensing material on OFS.



Another chemical technique to obtain graphene is by the reduction of GO. GO can be obtained by oxidizing graphite using strong oxidizing chemicals, as reported by Brodie et al. [87], Staudenmaier et al. [88], and Hummers et al. [89], among others. The oxidation process adds various types of functional groups such as carboxyl and hydroxyl moieties to the graphitic surface. GO is easily exfoliated in water and can be easily reduced and converted back into graphene. The reduction process is carried out using reducing agents such as hydrazine, hydrides, and titanium under UV illumination [90]. The main setback of this technique is that the reduction process is unable to reduce the GO completely. This process also creates defects that are unremovable via a simple annealing process and is usually of a lower quality than pure graphene. The resultant product is also sometimes referred to as reduced graphene oxide (rGO). Other methods of preparing graphene include CVD [91,92], the intercalative expansion of graphite [93], heat treatment of SiC [94,95], and epitaxial growth technique [96,97].




3.4. Nanodiamonds


A popular method of preparing NDs is by detonating an explosive carbon precursor such as trinitrotoluene and hexogen (1,3,5-triazinane) [98,99,100]. The detonation process takes place in an enclosed chamber supplied with inert gas or water coolant, also known as the “dry” and “wet” synthesis, respectively [101]. After the detonation process, the carbon soot contains a mixture of NDs with a diameter of 4–5 nm, other carbon allotropes, and contaminants. The weight content of NDs in the carbon soot can be as high as 75%, while the NDs yield is about 4–10% of the weight of the explosive precursor [98,99]. In a study carried out by Danilenko [102], the pressures and temperatures were found to have a significant influence on the formation of the NDs. The temperature and pressure at the Jouguet point are insufficient to produce liquid bulk carbon but are capable of producing nanosized liquid carbon. The area of liquid carbon is moved to a lower temperature for nanocarbon while the area of NDs stability is marginally shifted to a higher pressure. As such, it is implied that the NDs are formed by homogeneous nucleation in supersaturated carbon vapor by condensation and crystallization of liquid carbon. A major drawback of this method is that the NDs tends to aggregate and are not dispersible in organic solvents or water. To make matters worse, the ND aggregates are often covered in a layer of graphitic material and further complicates the dispersion of NDs.



The NDs aggregates can be broken down by mechanical milling or ultrasonication. Krüger et al. [103] managed to reduce the size of NDs aggregate with diameters of 100–200 nm, 2–3 μm, and 20–30 μm to NDs with a dimension of 4–5 nm by stirred-media milling with microscale ceramic beads. The group speculated that the milling process is mainly based on the shearing action within the fast-turbulent flow.



Meanwhile, Ozawa et al. [104] introduced a bead-assisted high-power ultrasonication technique to break up NDs aggregates. The resultant nanosized NDs can be dispersed in various types of polar solvents such as water, dimethyl sulfoxide (DMSO), and ethanol. Nevertheless, these methods also introduce contaminants originating from the beads, blades, and vessels. Purification procedures such as reflux treatment in acid and centrifugation are required to remove the impurities.



The pulsed laser has also been reported to produce nanoscale NDs. Amans et al. [105] used a pulsed laser to ablate a graphite target in water. The resultant NDs have a dimension of 5–15 nm but is covered by a graphitic-like structure with a thickness between 3–4 nm. Findings from a separate study indicate the dimension of the NDs can be controlled by manipulating the laser light source [106]. With the same power density, a short pulse width laser will obtain single-crystal NDs with size between 3–4 nm, while long pulse width laser will obtain particles larger than 4 nm. In another report, Kumar et al. [107] developed a microplasma process to prepare NDs at near ambient environment. The NDs were homogeneously nucleated by dissociating ethanol vapor and quickly quenched with a reaction duration of less than 1 ms to achieve particle dimension in the nanoscale range. With the assistance of hydrogen gas, the non-diamond phase is removed while the diamond phase is retained and stabilized, resulting in a high-purity NDs. The resultant NDs have an average size of 3 nm, which is in accordance with theoretical calculations. Table 2 summarizes the synthesis approaches for each type of carbon allotrope.





4. Preparation Techniques of Carbon Allotrope-Based Optical Fiber Sensors


For chemical or biosensing applications, the coating conditions (i.e., temperature, pH, and duration), thickness, and uniformity are among the important factors in determining the sensor performance. For example, a non-uniform and thick coating is usually undesirable since it may lead to poor sensing performance. Furthermore, the response and recovery time of carbon allotrope-based OFS are equally affected by the coating thickness due to the adsorption dynamics between the target molecules and the nanocoating. To achieve a stable, repeatable, and high sensitivity carbon allotrope-based OFS, it is important to optimize the coating parameters by adopting suitable deposition techniques. In the following section, several established techniques for the deposition of carbon allotropes onto OFS will be discussed.



4.1. Langmuir-Blodgett (LB)


Irving Langmuir and Katharine Blodgett first introduced the Langmuir-Blodgett (LB) technique for the deposition of nanocoating onto a solid substrate. The deposition process is commonly performed at room temperature and usually involves amphiphilic molecules with hydrophobic tails and hydrophilic heads. Using this method, the optical fiber is usually prepared to have a hydrophilic surface and is placed in the sub-phase. Next, the receptors with water-insoluble amphiphilic molecules are prepared in volatile organic solvents and applied to the surface of the sub-phase. The molecules are oriented such that the hydrophilic part stays in the water while the hydrophobic part is facing upwards (Figure 3a), creating a floating monolayer of molecules in an arranged manner on the surface of sub-phase. Next, controlled compression is applied to the surface to form a condensed and stable monolayer film (Figure 3b) for the subsequent deposition onto the optical fiber that is vertically raised through the sub-phase. If multiple layers of coating are desired, the substrate is returned into the sub-phase to create head-to-head and tail-to-tail stack layer pattern, commonly known as Y-type (Figure 3d). Conversely, to obtain a monolayer coating, the deposition techniques known as X-type (monolayer transferred during downstroke only) (Figure 3c) or Z-type (monolayer transferred during upstroke only) (Figure 3e) can be carried out [108].



The LB surface coating technique offers precise control over the deposition thickness, approximately 1–3 nm for each layer on the planar substrate. Deposition onto a single-mode optical fiber, for instance, is able to achieve 2.6 nm for each deposited molecular layer [109]. In order to achieve the desired film thickness, the amount of surface tension being applied and the material concentration are some of the important parameters that need to be considered [110]. Compare to other deposition techniques, fabrication of LB film on the optical fiber can be as simple as requiring only one chemical compound, given it an added value in terms of homogeneity. On the flip side, this could also mean that only a limited number of chemical compounds can be used with this technique. The fabricated LB film also suffers from poor thermal stability [111]. Moreover, this deposition process is tedious, slow, and requires skilled executor and sophisticated instrument to control the surface tension. For these reasons, the LB technique appears to be less popular unless nanometric precision of coating thickness is desirable.




4.2. Layer-by-Layer Electrostatic Self-Assembly (LbL-ESA)


LbL-ESA technique was first demonstrated by Decher and co-workers in preparing a multi-layered film on a solid substrate by alternate exposure to anionic and cationic polyelectrolyte with immediate adsorption of the oppositely charged ions [112]. This approach has attracted tremendous interest particularly in the field of surface material engineering due to its outstanding merits such as uniformity, stability, simplicity, and excellent controllability of the coating thickness at the nanometer scale. The driving factor to this deposition technique premises upon the electrostatic interaction between two materials of opposite charges. Typically, multi-layered nanocoating using LbL-ESA is usually performed at room temperature, and is independent of the size and shape of the substrate unlike the LB approach [113]. The fabrication of LbL-ESA begins with treating the substrate to obtain a negatively charged surface. The treatment varies according to the types of substrates, for instance, common silica-based substrates such as glass slide and silica optical fiber are usually done via piranha solution, a mixture of concentrated sulfuric acid (H2SO4) and 30% hydrogen peroxide (H2O2) at 3:1 v/v ratio. The strong dehydrating power of the H2SO4 and oxidizing power of H2O2 remove the organic residues from the surface, followed by generating a dense layer of hydroxyl groups (–OH), making it highly hydrophilic and favorable for subsequent electrostatic interaction with polycation electrolyte. Similarly, the immersion of plastic optical fiber with poly(methyl methacrylate) (PMMA) core material into 1M H2SO4 helps to develop carboxylic groups (–COOH) by reducing the methyl ester groups of PMMA [114]. After obtaining a negatively charged surface, the optical fiber is then immersed into a polycation solution for a sufficient amount of time to allow for molecules to adsorb. Next, the optical fiber will be washed thoroughly with deionized water and dried before immersing it into a polyanion electrolyte-containing solution. This will yield one bilayer LbL-ESA film, and the process can be repeated for several cycles to achieve the desired multi-layered thin-film structure.



In general, LbL-ESA process takes place in an aqueous solution but slowly diversify to nonpolar solvents due to the discovery of novel nanomaterials. Although the deposition mechanism remains unchanged, Lindgren et al. [115] recently reported a new insight into the significant role of the solvent towards the effectiveness of electrostatic assembly. The study explains different types of solvents may alter the electrostatic force between the interacting particles and surface, from attractive to repulsive or vice versa. The type of interaction is dependent on the permittivity of the particles and solvent. Briefly, a solvent with a large dielectric constant that is more polarizable than both interacting particles and surface promotes repulsive interaction, while a solvent with a small dielectric constant promotes attractive electrostatic force [116]. Therefore, it is rational for one to include the polarization effect of the solvent in designing the deposition system. Due to its vast applicability to most of the optical fiber platforms and the broad availability of molecules, LbL-ESA can be employed for entire surface area or end-face deposition on the optical fiber sensor probe to suit different sensing schemes. However, low molecular weight molecules alone are incapable of being assembled directly onto the optical fiber using the LbL-ESA method due to deficiency of charged groups in these molecules and are likely to face a substantial amount of loss in the rinsing step. To counter this problem, deposition with a single or combination of polyelectrolytes with long alkyl chain such as PAA, poly(allylamine hydrochloride) (PAH), polyethylenimine (PEI), etc. onto the substrate is preferred. For instance, Goncalves et al. [117] developed an Hg2+ sensor using a tapered tip silica fiber by immobilizing PEI as the polycation electrolyte followed by depositing CDs at the end tip of the sensor probe. Similarly, Alberto et al. [118] reported a GO-coated tilted Bragg grating prepared using the LbL-ESA method. Alberto et al. [118] first treated the optical fiber with sodium hydroxide to produce a negatively charged surface for subsequent deposition of poly(diallyldimethyammonium chloride) (PDDA) and poly(sodium 4-styrene-sulfonate) in an alternate manner. PDDA that served as the polycation electrolyte was coated to the external layer of the optical fiber before the deposition of the negatively charged GO. Besides polyelectrolyte-carbon allotropes multi-layered film, the LbL-ESA technique is also adopted for the development of metal oxide-polyelectrolyte-carbon allotrope films on optical fiber substrates. In a work done by Hernaez et al. [119], the deposition of PEI/GO multi-layered films onto a tin oxide-coated multimode fiber has significantly enhanced its sensitivity for ethanol sensing by 20% and 210% for one and four bilayers of PEI/GO, respectively. Henceforth, LbL-ESA method of fabricating carbon-allotrope coatings have become one of the most favorable deposition technique to develop a wide range of OFS.




4.3. Chemical Vapor Deposition (CVD)


The fundamental of plasma-assisted vapor deposition lies in the activation of a precursor in a glow discharge (i.e., plasma) environment. The growth of a thin-film using this method generally exhibits less contamination as compared to other wet techniques [120]. In a generic case, carbon nanomaterial thin film produced using the CVD process is formed from the chemical reaction of gaseous reactants in the close vicinity of a lightly heated substrate (~20–50 °C). Briefly, the initiator and the target material, usually in liquid form, are vaporized by either heating or reducing the air pressure, followed by passing it to a vacuum chamber where the substrate is placed. The initiator functions to accelerate the film growth rate and finally, the target material will be deposited on the cold substrate. The thickness and the refractive index of the CVD film can be easily adjusted by altering the pressure and temperature of the deposition process. In many generic cases, synthesis of carbon allotropes such as graphene thin film using the CVD approach usually involves reaction gases like methane and dilute hydrogen environment, on a copper foil as a catalyst substrate at over 1000 °C [6]. Transfer of the thin film can be done in several ways. To attach the graphene thin film onto the fiber structure, graphene is transferred to a low refractive index substrate, such as MgF2, followed by adhering onto the optical fiber via van der Waals bond [121]. If wrapping the graphene thin film surrounding the fiber structure is desired, one way to achieve this is by spin-coating a layer of PMMA on the surface of the graphene forming a PMMA/graphene/copper hybrid. Next, the copper under graphene is removed using iron (III) chloride solvent followed by wrapping the PMMA/carbon nanomaterial thin film on the fiber. Finally, the PMMA is removed with acetone leaving only the graphene thin film on the fiber.



Nevertheless, the merits of CVD are obvious, particular its ability to fabricate dense and amorphous films, and more importantly, good uniformity [122]. Despite these advantages, CVD is not with no limitations. Temperature or UV sensitive materials are not suitable for these techniques, thus there is a limited number of materials that can be deposited on the optical fiber using this approach. Moreover, high accuracy and high-resolution instruments are required to regulate important parameters such as temperature, pressure, current, and others that may significantly affect the reproducibility of the nanocoating. For these reasons, the CVD setup is costly and may be inaccessible to some laboratories due to its high operating cost.




4.4. Optical Deposition


The optical deposition method utilizes the light guided by an optical fiber to draw the sensing material in close proximity to the optical fiber surface, and finally, depositing onto the external surface of the optical fiber. Commonly, the optical deposition technique involves dispersing the sensing material into solvents such as ethanol, isopropanol, dimethylformamide, and others, followed by immersing the fiber into the mixture. Kashiwagi et al. [123] reported the coating of CNTs onto the end facet and tapered region of the optical microfiber via the optical deposition method. Together with the optical forces from the injection of light into the sensing material-dispersed solution, the Brownian motion of the sensing material became highly oriented, and the swirl and convection tend to draw them toward the surface of optical fiber. Kashiwagi et al. [123] also deduced that the trapping of this sensing material on the microfiber surface is jointly resulted from the optical tweezer effect due to optical intensity diversion in the solution caused by the evanescent field of the optical microfiber. Since the size of the CNTs is much smaller than the wavelength of the light, the CNTs are treated as a point dipole. Two forces acting on this dipole, the scattering force that pushes the particle along the light propagation and the Lorentz force which moves the particle toward the region of higher optical intensity [124,125]. Centered on this principle, the evanescent field of the optical microfiber that had the optical intensity diversion may trap the CNTs by optical tweezer effect and consequently, immobilized them onto the surface of the desired area [126].



Generally, the film thickness produced using optical deposition technique is controllable by adjusting the injected light power and the deposition time. Besides, in-situ monitoring of the transmitted or reflected power is often performed to monitor the insertion loss caused by the deposited sensing material. Ideally, it is recommended that the insertion loss falls within 3 to 5 dB. Overall, the simple and economical process of the optical deposition technique is capable of achieving the area-selective deposition of sensing material.




4.5. Crosslinking


In the context of conjugation, a crosslinker is used to mediate the attachment of one molecule to another, usually through the covalent bond to create a complex comprising of both molecules linked together. Generally, the design of the conjugation process is dependent on the reactive groups present on the reactive crosslinking agents and the functional groups present on the target molecules. The conjugation process is unfeasible without the availability and chemical compatibility of both reactive and functional groups. Examples of these functional groups include amine, thiol, carboxylate, aldehyde, and hydroxyl. Meanwhile, some reactive groups that are often employed in the conjugation process include isothiocyanate, isocyanates, NHS ester, maleimide, and glutaraldehyde [127].



In many instances, the final conjugate complex is bound by a crosslinker that introduces foreign chemical components to the molecules being crosslinked. The first crosslinking agent introduced for the conjugation of macromolecules, known as the homobifunctional crosslinker consists of bireactive compounds of the same functionality at both ends of the spacer arm (Figure 4a) [128]. The use of a homobifunctional crosslinker in a one-step conjugation protocol, however, provides the least control over the final product of a conjugation reaction and may yield a broad range of poorly defined conjugates [129]. This is because when crosslinking two molecules, for instance, the homobifunctional crosslinker first reacts with either one of the molecules, forming an active intermediate. Ideally, this activated molecule may crosslink with the second molecule, however, it may also react intramolecularly with other functional groups on part of its own. To circumvent this, a two-step conjugation protocol may alleviate the problem. This can be done by removing the excess crosslinker and byproducts before introducing the second molecule to the activated molecule to allow the final conjugation reaction to take place. This solution, however, may raise another problem where the activated molecule experience degradation before the second phase of crosslinking commence due to hydrolysis phenomena. Moreover, chances of the problem associated with the one-step conjugation protocol may persist in the two-step conjugation protocol since the first molecule may crosslink with itself long before the introduction of the second molecule. Thereafter, another type of crosslinker known as heterobifunctional crosslinking agent that contains two different reactive groups at the end of the spacer arm (Figure 4b) is introduced for targeted coupling between two different functional targets on macromolecules. Heterobifunctional crosslinker exhibits the ability to yield direct crosslinking reaction to selected parts of target molecules and thus, warrant better control over the resultant product of the conjugation reaction.



Another commonly used crosslinker would be the zero-length crosslinker, also known as the smallest crosslinking agent available to perform a conjugation process. A zero-length crosslinker allows one atom of a molecule to attach covalently to another atom of a second molecule with no additional intervening atoms or spacer in between the bond. This is advantageous, since in some cases, the presence of these intervening linkers or spacers in between the established bond may cause cross-reactivity with undesired reactive/functional groups. Carbodiimide such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), is most popularly adopted for conjugating substances containing carboxylate to molecules containing amine functional groups. While EDC alone can be used in a one-step conjugation protocol, the efficiency of the conjugation process can be enhanced through the use of N-hydroxysuccinimide (NHS) that increases the solubility and stability of the intermediate before conjugating with the targeted amine groups [130,131].



For silica-based optical fiber, the foundation layer to facilitate the surface functionalization process is solely dependent on the hydroxyl groups present on the external surface. However, these hydroxyl groups are rather weak and insufficient for conjugation with other functional groups via crosslinking. Therefore, many works reported an additional step of performing oxygen plasma or acid treatment such as using a piranha solution to form a dense and active layer of hydroxyl groups for subsequent crosslinking use. Some also reported the use of silane coupling agents to create amine or carboxylate terminal end groups to ease the conjugation reaction with carbon allotropes via zero-length crosslinker [132].




4.6. Drop-Casting


Drop casting is another simple yet economical approach of depositing sensing material onto the surface of the optical fiber. In a typical manner, the as-prepared carbon allotrope is dispersed in a volatile solvent. Meanwhile, the bare optical fiber is cleaned with an alcohol-based solvent followed by annealing in an oven before initiating the deposition process. Next, the carbon allotrope solution will be drop-casted at the desired deposition area on the fiber and left undisturbed at the ambient environment for the solvent to evaporate naturally. This process can be repeated depending on the desired amount of deposited material. Alternatively, different concentrations of carbon allotrope solution can be used to achieve the desired coating thickness. Post deposition process usually followed by annealing the optical fiber for a second time to enhance the coating adhesion. Carbon allotrope-based OFS fabricated using this deposition technique is vastly reported in the past few years [133,134,135].





5. Sensing Mechanisms of Carbon Allotrope-Based Optical Fiber Sensors


Many research groups have utilized the unique properties of carbon allotropes to develop OFS for diverse applications. This section will mainly discuss the different sensing mechanisms employed in carbon allotrope-based OFS.



5.1. Thermo-Optic


CNTs, NDs, and graphene are known to exhibit excellent thermal conductivity attributable to their C-C covalent bond and phonon scattering characteristics [8]. The high thermal conductivity of these nanomaterials makes them interesting candidates and can be exploited as a temperature-sensitive material for temperature sensing. For instance, Zhang et al. [1] developed an all-fiber temperature sensor based on rGO. The group described that as the temperature increases, the availability of thermally excited electrons-holes also increases. This changes the Fermi-Dirac distribution of electrons in the rGOs that sequentially decreases the dynamic conductivity. Theoretically, the real part of dynamic conductivity affects the amount of light absorbed by the intraband and interband transitions in the rGO. Therefore, a rise in temperature will reduce the amount of light being absorbed and hence, resulting in a reduction of transmission loss and an increase in transmitted optical power. As a result, temperature measurement can be attained using rGO film on an optical fiber. Despite the availability of different carbon allotrope-based platforms such as resistive-based sensors that exploit the thermal conductivity for sensory applications, there are still some major setbacks that restrict its translation for practical application. For instance, resistive-based sensors are costly, energy-intensive and often require elevated temperature to introduce metal oxide layers as part of the device configuration [136]. Contrarily, the configuration of temperature sensors using optical fiber is relatively simple, and the carbon allotrope-based sensing layers can be introduced via many facile strategies as described in Section 4. However, careful selection of light wavelength and source power are needed to minimize the potential of self-heating cause by the absorption of the injected light source that can affect the measurement accuracy.




5.2. Surface Plasmon Resonance


In a typical surface plasmon resonance (SPR)-based OFS, precious metals such as gold or silver that serve as surface plasmon materials are coated on the optical fiber to form SPR structure. Gold coating is beneficial as it introduces a larger resonance shift to the changes in refractive index at the sensing layer while silver coating which exhibits a smaller SPR curve width will result in a higher signal to noise ratio. However, the procedure to introduce these metallic coatings on an optical fiber is complicated and costly. For example, silver is easily oxidized when exposed to oxygen in ambient air, elevated temperature, or water vapor due to their poor chemical stability and resulted in the oxidation of silver to silver oxide [8,137]. This will affect the sensor’s reproducibility and thus remains impractical for real-life sensing. To overcome this, a bilayer metallic coating configuration that comprises of a silver and gold (outer layer) coating may solve the problem for sensing applications [138]. However, careful optimization of the layer thickness is vital to achieve high signal to noise ratio as well as optimal sensitivity of the proposed sensor. Thus, carbon allotropes, especially graphene, rises as a potential alternative due to their superior properties and resistance towards oxidation. Furthermore, it has also been reported that graphene can enhance the SPR signal [139]. By depositing a layer of graphene on the optical fiber, a fiber-graphene interface that supports charge density oscillation upon light excitation can be obtained. It should be noted that the excitation light should have an identical polarization state as well as matching momentum and wave vector to the surface plasmon [140]. As a result, a resonance is generated at a particular wavelength, and a sharp wavelength dip, also identified as resonance wavelength can be measured in the output spectrum, and the presence of target molecules can be detected as a shift in the resonance wavelength. On top of this, the concentration of the target molecules can also be detected and quantified by correlating to the amount of shift in the resonance wavelength.




5.3. Fluorescence


CDs, NDs, and graphene are among the fluorescence carbon allotropes that are commonly integrated into an optical fiber-based fluorescence sensor. The emission of these nanomaterial ranges from the UV and visible spectrum under various excitation wavelengths. In general, a fluorescence sensor operates based on the perturbation in optical characteristics such as the fluorescence intensity in the presence of the target molecules. This process can take place based on several mechanisms, such as photoinduced electron transfer (PET) or fluorescence resonance electron transfer (FRET) [3]. PET can be described when a new complex is formed between an electron donor and an electron acceptor. Upon excitation, the new complex will return to the ground state without the emission of photons. On the other hand, FRET is an energy transfer process that occurs between a donor molecule and an acceptor molecule via dipole-dipole interactions [141]. The energy received will excite the donor molecule to the lowest unoccupied molecular orbital (LUMO). Subsequently, the energy will be transferred to the acceptor molecule while the donor molecule relaxes to the ground state. For this to happen, the absorption spectrum of the acceptor molecule requires an overlap with the emission spectrum of the donor molecule. Furthermore, since the energy transfer efficiency is inversely proportional to the sixth power of the distance between the donor and acceptor molecules, both donor and acceptor molecules need to be in close proximity to allow the occurrence of this process.




5.4. Molecular Adsorption


Carbon allotropes such as graphene possess a high density of hexagonal ring structure that can be functionalized on the optical fiber surface to absorb molecules such as gas molecules, heavy metal ions, and organic pollutants. The number of molecules being absorbed can be correlated to the changes in the refractive index and detected using an optical fiber. For example, evanescence wave-based optical fiber is well known for its sensitivity to the perturbation in the surrounding refractive index. In a typical manner, light launched into the core of the fiber first propagates as fundamental mode, HE11. As the light reaches the sensing region, a substantial amount of light energy will be coupled into the next high-order mode, HE12, as a result of the morphology and local refractive index change. Unlike HE11 mode, the HE12 mode is not confined within the core but exposed to the outer surface and become cladding guided. As the light travels down the fiber, a second coupling occurs between the HE11 and the HE12 modes and generates a phase difference between the two modes that will result in a modal interference spectrum governed by the       I = I   1  +    I   2   + 2     I 1   I 2    cos ϕ    [142,143]. In the event where target molecules are absorbed on the carbon allotropes, a perturbation of localized refractive index on the sensing region will occur and can be detected as a spectrum wavelength shift in the output signal of the fiber. An example can be seen from a work reported by An et al. [144] using a D-shaped fiber coated with a thin gold film followed by a layer of graphene to measure the refractive index range from 1.38 to 1.39. The presented sensor showed a maximum sensitivity of 4391 nm/RIU at a resolution of 2.28 × 10−5 using the wavelength interrogation method. Likewise, Fu et al. also simulated a D-shaped fiber for refractive index sensing in the range of 1.33 to 1.39 [145]. The D-shaped fiber is designed such that silver nano-columns coated with graphene layers are deposited on the side polished area to enhance the sensitivity to the surrounding refractive index change. Maximum refractive index response sensitivity can reach up to 8860.93 nm/RIU when the diameter of the silver nano-column is fixed 90 nm and 23 layers of graphene, each layer with a thickness of 0.34, is coated on each silver nano-column. In another study, two different etched fiber Bragg grating (FBG) sensors coated with SWCNTs and GO, respectively, demonstrated high specificity to protein concanavalin A (Con A) via the mannose-functionalized poly(propyl ether imine) dendrimers attached to the coated sensors [146]. Even in the presence of interfering proteins such as bovine serum albumin and lectin peanut agglutinin, SWCNTs and GO coated etched FBG sensors showed great selectivity to Con A and are able to achieve LODs of 1 nM and 500 pM, and affinity constant of ~4 × 107 M−1 and ~3 × 108 M−1, respectively. Overall, these studies have widely proven the possibility of using carbon allotrope-based OFS not just in chemical or environmental sensing but also in biological sensing applications.





6. Sensing Applications of Carbon Allotrope-Based Optical Fiber Sensors


6.1. Humidity


Humidity sensing is vastly employed for domestic and industrial applications. For instance, humidity sensors are often employed in smart buildings, food processing plants, and microelectronics industries. Relative humidity (RH) is defined as the amount of water vapor present in the air, expressing the ratio of the actual moisture in the air to the maximum amount of moisture that the air can retain at that temperature and is quantified in terms of percentage. Optical fiber-based humidity sensor rises as an alternative solution to overcome the drawbacks of conventional humidity sensors such as hygrometer and psychrometer that exhibit long response time and suffer from electromagnetic interference. Moreover, the versatility of optical fibers to different functional nanocoatings has led to the integration with carbon allotropes for the development of optical fiber-based humidity sensors. Shivananju et al. [147] reported an etched fiber Bragg grating (FBG) coated with CNTs at the etched region for humidity sensing. Due to the interaction between water molecules and the CNTs coating, the effective refractive index surrounding the core will change, resulting in a shift of the Bragg wavelength and a sensitivity of 31 pm/%RH within a linear detection range from 20–90 %RH. Mohamed et al. [148] prepared an optical microfiber coated with MWCNTs slurry using the drop-casting technique. The fabricated sensor demonstrated a linear detection range from 45 to 80 %RH and an improvement of 1.3 times (5.17 μW/%RH) when compared to a bare tapered fiber. Alternatively, doping of MWCNTs onto a PMMA microfiber to form a thin layer of nanocoating on the optical microfiber for RH sensing was reported by Isa et al. [149]. The MWCNTs/PMMA functional coating increases the index contrast between the microfiber core and the surrounding air cladding causing more water molecules to be adsorbed on the sensing surface. Consequently, more electrons are transferred from the water molecules to MWCNTs, diminishing the available holes in MWCNTs and thus, decreasing the output optical power of the MWCNTs/PMMA microfiber sensor. The sensor showed a good linear detection range between 45 to 80 %RH and sensitivity of 0.3341 dBm/%RH, demonstrating an approximately 4-fold sensitivity improvement over a undoped PMMA microfiber sensor. Similarly, Ma et al. [150] also developed a CNT/polyvinyl alcohol (PVA) coated at the end tip of the thin core fiber (TCF) for RH detection. The as-developed sensor demonstrated good reversibility and output stability after 12 consecutive exposures to different RH levels. Moreover, the sensor showed a good linear detection range from 70 to 86 %RH with a measured sensitivity of 0.4573 dB/%RH.



On the other hand, GO-based OFS have also attracted significant interest for their prominent use in RH sensing. Gao et al. [151] presented a hollow-core fiber coated with rGO in which the sensing mechanism is based upon the adsorption of water molecules on the rGO surface that serves as electron acceptors. Along with the adsorption of water molecules, the surface charge carrier density of rGO will increase, further inducing a change in the chemical potential and dynamic conductivity of the rGO. The changes in these parameters will then influence the effective refractive index of the rGO and hence, altering the output signal of the sensor. The sensitivity of the fabricated rGO-based hollow-core fiber sensor was found to increase with increasing sensor length, and a maximum sensitivity of 0.229 dB/%RH was achieved within the linear detection range from 60–90 %RH at the fiber length of 12.6 cm. Furthermore, the sensor showed good reversibility and was unaffected by the surrounding temperature fluctuation. When tested with human breath alone, a swift response time of 5.2 s and a recovery time of 8.1 s was recorded. Xing et al. [152] prepared rGO nanosheet-coated polystyrene (PS) microsphere via a thermodynamically-driven hetero-coagulation approach to create a three-dimensional graphene network (3-DGN) coating surrounding the taper waist region of an optical microfiber. It is interesting to note that PS microsphere alone is hydrophobic in nature. However, upon functionalized with rGO, the chemically active defect sites of rGO that exhibit hydrophilic functional groups such as carboxylic and carbonyl groups are likely to absorb water molecules present in the surrounding environment. Moreover, the constructed 3-DGN was able to achieve much higher sensitivity as compared to single rGO or GO nanocoating. The measured results obtained from the rGO/PS-coated optical microfiber exhibited a sensitivity of −0.224 dB/%RH and −4.118 dB/%RH for detection range 50.5–70.6 %RH and 79.5–85 %RH, correspondingly. Overall, Table 3 summarizes all carbon allotrope-based RH OFS and their respective sensing performance [134,147,148,149,150,151,152,153,154,155,156,157,158,159,160,161,162].




6.2. Temperature and Pressure


An rGO-based side polished fiber sensor using the refractive index change scheme for temperature sensing was developed by Zhang et al. [1]. Briefly, when the surrounding temperature increase, the concentration of thermally excited electrons-holes increases and the change in the Fermi-Dirac distribution of electrons in the rGO will reduce the real part of its dynamic conductivity. Since the real part of the dynamic conductivity correlates to the light absorption induced by intra and interband transitions in the rGO, reduction in the real part of the dynamic conductivity will consequently decrease the light absorption and reduce the transmission loss of the rGO-coated side polished fiber [163]. In other words, as the surrounding temperature increases, the transmitted optical power of the rGO-coated side polished fiber also increases. Therefore, a linear relationship of surrounding temperature as a function of output transmitted optical power was obtained for the rGO-coated side polished fiber within the range of −7.8 to 77 °C with a maximum sensitivity of 0.134 dB °C−1 was achieved. Other optical fiber structures such as etched FBG [164] and suspended core hollow fiber [165] coated with rGO have also been employed to demonstrate temperature sensing capability. On the other hand, Sun et al. [166] reported a graphene-coated optical microfiber temperature sensor constructed with a thin graphene film adhered onto the optical microfiber surface via the strong evanescent field and the electrostatic force. To reduce the insertion loss, the graphene thin film was transferred to MgF2 with a lower refractive index before introducing them to the optical microfiber surface. As the surrounding temperature fluctuates, the graphene thin film and MgF2 substrate alter the effective refractive index of the optical microfiber. Since the thermo-optic coefficient of MgF2 (3.2 × 10−7 °C−1) is much smaller than graphene (7.385 × 10−6 °C−1), the effect of the temperature change on MgF2 substrate is negligible. Good linearity and temperature sensitivity of 0.1018 dB °C−1 and 0.1052 dB °C−1 were measured when surrounding temperature increase and decrease, respectively, in steps of 5 °C between 30–80 °C. In a similar context, Wang et al. [167] proposed the inclusion of polydimethylsiloxane (PDMS) to produce a PDMS-graphene pliable composite film wrapping around the microfiber ring resonator. Similar to the MgF2 substrate, PDMS exhibits low refractive index and high thermal stability, making it a good candidate to work with graphene to achieve better performance of the temperature sensor. Moreover, PDMS is a highly transparent film with a high degree of flexibility. As a result, these features enable very close contact between the graphene and the fiber that helps to improve the temperature response of the proposed sensor. The proposed sensor exhibits excellent temperature sensitivity of 0.541 dB °C−1 under an incremental temperature environment and 0.542 dB °C−1 under gradually decreasing temperature environment for the temperature range of 30–60 °C.



Some studies also reported the simple fabrication of graphene diaphragm integrated into an optical fiber sensor for both temperature and pressure sensing. For instance, Ameen et al. [168] proposed FBG-based temperature and water level sensors of different configurations, as shown in Figure 5. The study revealed that FBGI is responsive to water levels that are associated with the hydrostatic pressure, while FBGII is sensitive to the surrounding temperature. For both parameter measurements, increasing the number of graphene diaphragm layers, each with a thickness of 25 µm, tends to decrease the sensing performance owing to the reduction in graphene diaphragm elasticity. This attributes to the fact that for a thinner diaphragm, stronger diaphragm deflection is expected in response to the external pressure, while thicker diaphragm will bend less under the same amount of applied pressure leading to a smaller responsivity. Thus, a single-layer graphene diaphragm was found to deliver the best detection sensitivity of 13.31 pm °C−1 for temperature sensing within the range of 27 to 75 °C and 253.21 pm kPa−1 for pressure or water level sensing. However, this single-layer graphene diaphragm is only able to resist up to a maximum of 9.81 kPa that is equivalent to 100 cm of water level. To enhance the detection range sensor configuration as illustrated in Figure 5a(iii) has a higher tolerance up to 135 cm of water level without damaging the diaphragm but with a lower sensitivity of 99.18 pm kPa−1. Alternatively, Dong et al. [7] presented a simpler design of a Fabry-Perot interferometer with an integrated FBG to measure pressure and temperature changes simultaneously. Graphene sheet was coated onto the end facet of the fiber ferrule via van der Waals reaction to form a reflecting surface of a sealed Fabry-Perot microcavity. The study revealed that as the surrounding temperature increases, the cavity length increases together with the red shifting of the resonant wavelength. However, for pressure increase, only the cavity length decreases while the resonant wavelength remains unchanged. Therefore, by using matrix inversion calculation, the variation in surrounding pressure and temperature can be identified simultaneously. The proposed sensor was reported to exhibit temperature and pressure sensitivity of 306.2 nm °C−1 and 501.4 nm kPa−1, respectively.



Cui et al. [169] recently reported an analytical model that can predict the critical diaphragm thickness wherein the responsivity of the pressure sensor is independent on the elasticity property when the diaphragm thickness is below the critical thickness value. In other words, further reduction of the diaphragm thickness will not help to improve the sensor’s sensitivity if diaphragm thickness is much smaller than the diaphragm deflection. Redesigning the cavity shape other than cylindrical appears to be a possible solution for this, where the sensitivity of the sensor can be enhanced if the cavity shape design yields a larger cavity volume without altering the resonator length and diaphragm radius. The denouement of this study has raised the importance of placing more effort on optimizing cavity shape rather than opting for smaller single-layer diaphragm thickness that will complicate the sensor design. Table 4 and Table 5 summarize some of the research works related to temperature and pressure detection using carbon allotrope-based OFS.




6.3. Other Physical Parameter Sensing Applications


Besides the above-mentioned physical parameters, current, acoustic, wind speed, and magnetic are some other physical parameters that can adopt carbon allotrope-based OFS to execute the measurement. For example, Zheng et al. [177] prepared a graphene membrane coated fiber tip probe sensor for current sensing, as shown in Figure 6. Having a gold electrode and graphene membrane covering the end face of the etched fiber, electric current was coupled to the fiber sensor via two contact pads. The functional coating was heated up due to the applied current, and thus, the linear temperature change of the graphene membrane can be correlated to the square of current applied. Due to the negative thermal expansion coefficient of the graphene membrane, the graphene membrane will contract uniformly with increasing temperature, and further increasing the cavity length. These physical changes were reflected as a resonance wavelength shift in the reflectance output spectrum. The proposed sensor exhibited a current sensitivity of 2.2 × 105 nm/A2 within the detection range from 0 to 2 mA and a short response time of 0.25 s. Even though higher sensitivity can be achieved by reducing the size of the graphene membrane to expedite the heating process, the operating range of the developed sensor remains limited to 2 mA to avoid damage to the fiber probe sensor.



The practicability of graphene to be used as a deflectable diaphragm to sense pressure change has also inspired its feasible use for acoustic sensing. Ma et al. [176] designed a Fabry-Perot interferometer for acoustic sensing using a 125 μm multilayer graphene diaphragm with a thickness of 100 nm coated at the end face of the single-mode fiber. The sensor was placed in front of a speaker that acted as the acoustic pressure source, and the reflectance output spectrum was measured. The sensor demonstrated approximately 1100 nm/kPa of acoustic pressure sensitivity and noise-limited detectable pressure of approximately 60 μPA/Hz1/2 at 10 kHz. The study further revealed that the sensitivity of the fiber sensor is dependent on the alignment angle of which the speaker was placed. Maximum sensitivity was achieved when the fiber sensor is aligned to the central axis of the speaker. Meanwhile, the sensitivity was found to decrease as the speaker is moved to a certain angle from the central point of the fiber sensor. Tan et al. also investigated the effect of graphene diaphragm’s diameter by comparing the acoustic sensing performance of two Fabry-Perot interferometers each formed by immobilizing a 100 nm thick graphene diaphragm of 2.5 mm and 125 μm diameter respectively onto the end face of a single-mode fiber [178]. The work revealed that graphene diaphragm with a larger diameter exhibited 31 times improvement in sensitivity that agrees well with the linear deflection model.



Hot wire fiber anemometer is another promising sector demonstrating the potential use of OFS for measurement of wind speed in the coal mine, power transmission, and agricultural industries. In general, OFS based on hot wire anemometer correlates the measured cooling rate or temperature variation to the wind flow rate. Typically, the fiber sensor that incorporates nanomaterials with good heat conversion coefficients such as metal films and CNTs is usually heated up and subjected to wind flow. The amount of temperature drop measured by the sensor can then be used to approximate the wind flow rate. Based on the aforementioned detection scheme, Zhang et al. [179] proposed a simple hot wire fiber anemometer using SWCNTs coated tilted FBG. A pump laser of center wavelength 1550 nm acted as the heating and broadband light source to obtain a transmission spectrum of the tilted FBG were combined using a 3 dB coupler and launched into the core of the probe sensor. The coupled pumped light interacted with and absorbed by the SWCNTs film, which then raised the local temperature of the fiber sensor. When the heated sensor is subjected to a wind field, the cooling rate associated with the wind speed is detected by a wavelength shift in the resonance peak of the tilted FBG. Further, it was discovered that higher pump power of laser source, larger tilted angle of probe sensor, and thicker SWCNTs coating can enhance the wind speed sensitivity. However, considering the chirped effect of grating-inscribed fiber that may weaken the sensor response and harder dissipation of heat generated within the thick SWCNTs, pump power of 97.76 mW and SWCNTs coating of 1.6 μm thick was found to be optimal. The developed sensor was found to achieve a wind speed sensitivity of −0.3667 nm/(m/s) at the wind speed of 1 m/s.



Liu et al. [180] also worked on fabricating Au/SWCNT-based titled FBG anemometer sensor with an LOD of 0.05 m/s on account to the SPR effect of the gold coating that provides sensitivity enhancement. A similar study has also been performed by Liu et al. [181] who reported a SWCNT-based long period grating anemometer sensor with a simpler sensing setup and a sensitivity of 102.5 pm/(m/s) at the wind speed of 1 m/s.



Although OFS is well-known for its immunity to electromagnetic interference, Ruan et al. [182] highlighted the advantages of magnetically-sensitive OFS in their work that provide a cheaper, robust, and ambient alternative for remote magnetic sensing use. This work reported a novel technique to fabricate an ND-doped tellurite glass fiber for magnetic field sensing to provide an isolated sensing platform since the magnetic sensitive materials are immobilized in the tellurite glass matrix, as shown in Figure 7a. The NDs used in this work were developed via a non-detonation approach with an average particle size of 40–50 nm and a substantial density of negatively-charged NV defects were introduced to the NDs by means of high energy irradiation with 2 MeV electrons followed by annealing under vacuum at 800 °C to mobilize the vacancies to the intrinsic nitrogen. The negatively charged NV centers in the ND exhibits unique electron-spin properties in which they possess non-zero electronic spin and favorable energy level structure that support spin polarization to occur due to manipulation with magnetic field that can be interrogated by visible light. Since a single NV center enables magnetic surface mapping with nanometric spatial resolution, this resulted in NDs with a high density of NV centers to offer extremely high magnetometric sensitivity [183]. The ability to sense the magnetic field using the ND-doped tellurite glass fiber is highly dependent on the fluorescence emission of the NV centers that can be observed due to the control of the ground state population [184]. Figure 7b illustrates the inhomogeneous distribution of optical image captured from the fiber end face that validated the emission was originated from the collection of spatially distributed incoherent sources of the NVs in the doped ND. When an external magnetic field was applied, a decrease in the fluorescence emission intensity at 637 nm was observed (Figure 7c). This is attributed to the mixing of ‘bright’ (ms = 0) and ‘dark’ (ms = 1) spin states that occur when spins and external magnetic field are misaligned [185]. Apart from the emission wavelength, the overall reduction in the fluorescence intensity with the increasing magnetic field was also observed at off-resonant fluorescence intensity, as seen in Figure 7d. The presented sensor demonstrated an inherently magnetic field sensitivity of 10 μT/Hz1/2. Bai et al. [186] recently published a novel ND-doped lead silicate glass fiber that not only yielded an improved magnetic field sensitivity of 350 nT/Hz1/2, but also introduce a new avenue of coupling fluorescence emission from ND to guided modes of conventional step-index optical fiber.




6.4. Heavy Metal Ions


Heavy metal pollution in the environment arises from both natural phenomena and anthropogenic activities such as volcanic eruptions, weathering, soil erosion, mining, coal burning, and other industrial, and agricultural production activities. Although some of the heavy metals like iron, copper, and zinc are essential nutrients for various biochemical and physiological functions, exposures to a high level of these metal ions can result in lethal effects such as organ failure and slowing the progression of physical and neurological degenerative processes [4]. Furthermore, heavy metals are persistent, bioaccumulate, and have negative impacts on the ecological health that may lead to contamination of food chains. For these reasons, heavy metal sensing is critical, particularly for water and soil quality monitoring applications. To date, many research efforts are channeled to the development of highly sensitive and selective sensors, ranging from portable handheld sensors to paper-based heavy metal sensors [187,188,189]. OFS incorporating carbon allotropes as the sensing element to detect heavy metal ions is particularly interesting since it does not only retain the advantages of conventional OFS but also improves the detection sensitivity, owing to the large surface to volume ratio of these carbon allotropes. Alwahib et al. [190] proposed a nickel ion sensor using a gold-coated D-shaped optical fiber that incorporates a functional coating comprising of rGO/Fe2O3 composite. The rGO composite is rich in hydroxyl, OH−, and carboxyl, COOH− groups, thus, creating a strong affinity to the positive charge Pb2+ ions due to the electrostatic interaction between them. It was further discovered that the sensor operates on a dual-mode interrogation scheme, intensity change, and resonant wavelength shift, depending on the target detection range. At lower Pb2+ concentration range, output intensity was found to be more responsive as compared to output resonant wavelength shift that was constrained by the low resolution. Thus, an LOD of 0.3 μg/L and 1 mg/L were obtained for a linear detection range of 0–1 mg/L and 1–15 mg/L, correspondingly. Yao et al. [191] also developed a “FRET on fiber” sensing platform to detect various analytes, including Cd2+. The sensor was prepared by immobilizing partially rGO (prGO) onto the fiber, followed by Rhodamine 6G (R6G). In the absence of Cd2+, no fluorescence scattering is observed from the R6G due to the quenching effect of prGO. However, when Cd2+ ions are present, R6G will be released due to the higher affinity of prGO to Cd2+, hence the fluorescence intensity will be restored. A pulsed laser of center wavelength 532 nm is focused on the sensing region, and the output fluorescence signals are captured by optical lenses and measured using a spectrometer. In addition to the fluorescence signal detection, binding of Cd2+ onto the prGO also induces refractive index change surrounding the prGO sensing region that is reflected as an output wavelength shift at wavelengths between 1510–1590 nm. This suggests that the developed sensor can be used as a fluorometric or an interferometric sensor. Moreover, the established sensing platform exhibits an ultra-high resolution of wavelength detection of 1 pm, achieving an LOD of 1.2 nM for Cd2+ detection.



Apart from graphene, a pioneering work conducted by Goncalves et al. [117] focused on fabricating CDs via laser ablation method followed by functionalization with NH2-polyethylene glycol (PEG200) and N-acetyl-L-cysteine. The end product was then deposited onto the fiber end tip using the LbL coating technique for Hg2+ detection in water. It was deduced that the responsivity of the sensor towards the presence of Hg2+ is primarily contributed by the special coordination chemistry between the thiol groups belong to the N-acetyl-L-cysteine and Hg2+. This occurrence is detected when the fluorescence emission of CDs measured by the optical fiber decrease gradually due to the fluorescence quenching by Hg2+. To achieve optimal sensing performance, the proposed sensor was prepared in different configurations. It was discovered that the sensor with 6 layers of CDs/PEG200/N-acetyl-L-cysteine performed the best with an LOD of 0.01 µM and a linear detection range of 0.01 to 2.69 µM. Moreover, the fabricated sensor also showed high physical and chemical stability where no signal degradation or residual fluorescence was observed despite multiple cycles of drying and hydration. In another interesting work, Yap et al. [132] developed an evanescent wave-based optical microfiber sensor that uses CDs as the chelator for detecting Fe3+ in aqueous and biological samples. The as-synthesized nitrogen- and sulfur-co-doped CDs were prepared via a microwave-assisted pyrolysis approach and is the first instance which reports the use of CDs as a chelator to perform metal ion sensing at the solid-liquid interface without relying on its fluorescence properties. The abundance of hydroxyl, amine, and carboxyl groups present on the surface of the CDs yield specific coordination to Fe3+ that promotes an excellent detection limit of 0.77 µg/L and good selectivity to Fe3+ despite the presence of other interfering ions in aqueous samples. Quantification of Fe3+ concentration was obtained by correlating the amount of output wavelength shift that arises from the effective refractive index change of the sensing region due to the chelation of Fe3+ by the CDs. The authors also demonstrated the feasibility of integrating the CD-functionalized optical microfiber sensor with a portable optical interrogation system to facilitate on-site application use. When tested against Fe3+ spiked samples such as tap water, biological buffers, and animal serums, the test results were in good agreement with ICPMS results, further confirming the reliability and practicability of the proposed sensor for Fe3+ detection. Other studies that involved the integration of carbon-allotropes with OFS can be found at [78,192,193].




6.5. Alcohol


Alcohol such as ethanol is colorless, flammable, and is commonly employed in extensive industrial applications ranging from household products, biomedical supplies, beverage and chemical industries. Ethanol sensors that are simple, practical, and reproducible have become important for these manufacturing industries to ensure consistent production and a safe working environment. Even though exposures to ethanol will not cause any deleterious effects, it will still result in minor health impacts such as headache, drowsiness, eye irritation, and difficulty in breathing. In view of this, Girei et al. [194] presented a tapered multimode fiber coated with GO for ethanol detection in water. The graphene was prepared using the electrochemical exfoliation of graphite rod using sodium dodecyl benzene sulfonate, followed by a simplified Hummers method to synthesized GO. The end product was then drop-casted onto the taper waist of the fiber and annealed to strengthen the coating. To quantitate the measured ethanol concentration, the absorbance response within the visible wavelength range of the sensor was found to increase linearly with increasing ethanol concentration from 5 to 40%. It is believed that the ethanol detection occurs on account of the electron transfer mechanism between the graphene layer and oxygen molecules that consequently induces a change in the coating surface index. Girei et al. [194] also prepared two different fiber sensors, one coated with graphene while another with GO for comparison purposes. Tapered fiber sensor coated with GO demonstrated an approximately two-fold increase in sensitivity with a sensitivity of 1.33 a.u./% as compared to graphene-coated tapered OFS. Nevertheless, both sensors showed good reproducibility after three consecutive cycles of exposure to 5% of ethanol solvent, indicating the high reversibility and stability of the coating. The response and recovery time for graphene-coated fibers were 15 and 18 s, respectively. Meanwhile, for GO-coated fiber, the recorded time was 25 and 12 s correspondingly.



On the other hand, Aziz et al. [195] developed an Ag/rGO coated tapered multimode fiber to perform ethanol sensing via the LSPR operation principle. Similar to an earlier report by Girei et al. [194], when the fiber sensor was introduced to increasing ethanol concentration from 1 to 100%, the output absorption spectrum in the range of 350 to 800 nm showed an increase in intensity. The authors also prepared an rGO-only coated tapered multimode fiber and conducted the same test for ethanol sensing. It was later found that the Ag/rGO coated fiber exhibited higher sensitivity than rGO-only coated fiber. This is attributed to the presence of optical and catalytically active Ag nanoparticles that are sensitive to the local refractive index change induced by the binding of ethanol molecules, and thus, enhances the output signal. Aside from attaining an LOD of 1%, the Ag/rGO coated fiber sensor also recorded a response time of 11 s and a rapid recovery time of only 6 s. Hernaez et al. [119] also studied lossy mode resonance (LMR)-based SnO2/PEI/GO coated multimode fiber for ethanol sensing (Figure 8). The LMRs yield an absorption band/resonance peak at a specific wavelength in the transmission spectrum and is modulated by the variation in the surrounding refractive index stimulated by the ethanol molecules being absorbed onto the surface coating.



For the sake of comparison, fiber sensors of one, two, and four bilayers of PEI/GO were prepared to study the effect of coating thickness towards the sensing performance. With reference to a bare SnO2 fiber, the study revealed that a significant sensitivity enhancement was observed in the sensor with 4 bilayers coating as the amount of resonant wavelength shift of the LMR peak was the highest (176.47%) among other sensors for ethanol concentration ranging from 0 to 100%. The amount of sensitivity enhancement is even higher (210%) when the range of ethanol concentration of interest is reduced to only 0–40%. Furthermore, the dynamic response of the sensor when exposed to 4 consecutive cycles of 40% ethanol showed the sensor exhibits good reusability and had a swift response and recovery time of 1 s and 2.75 s, respectively.



CNTs have also been reported for aqueous ethanol sensing when Shabaneh et al. [196] fabricated a tapered multimode fiber tip coated with CNTs using the drop cast approach. The CNTs coating was uniformly deposited on the end facet of the fiber probe sensor, and the thickness was approximately 370 nm. The reflectance signal of the fiber sensor was analyzed and found to decline with increasing concentration of ethanol solution. The fact that the CNTs are sensitive to ethanol can be explained since the pristine CNT used in this work was treated with nitric acid that serves as an oxidizing agent to introduce covalent attachment of carboxylic groups, −COOH, on the CNT surface. In the presence of ethanol molecules, hydrogen bonds are formed between the −COOH groups of the CNTs and the −OH groups belong to the ethanol molecules. As a result, this dipole-dipole interaction will cause a change in the surface index of the CNT coating and was reflected as a decrease in the reflectance spectrum. The developed sensors demonstrated good reproducibility and achieved ethanol sensitivity of 0.1441 a.u./%. The response and recovery time of the sensor was measured as 50 and 53 s, respectively. In summary, Table 6 collates information on all carbon nanomaterial-based optical fiber ethanol sensors and their respective sensing performance [197].




6.6. Ammonia and Volatile Organic Compounds


Ammonia is widely employed in the production of explosives, fertilizers, and as an industrial refrigerant even though it is known to be a highly toxic colorless gas, and inhalation of only a small amount of ammonia vapor may create potential hazards to human health. On the other hand, volatile organic compounds (VOCs) are categorized as carbon compounds with a low boiling point, high vapor pressure, toxic, and may result in serious environmental problems such as the formation of photochemical ozone smog, greenhouse effects, stratospheric ozone depletion, and others. The contribution of VOCs rising from anthropogenic emission has been increasing significantly due to the development of the industry. Common sources of VOCs emissions are often linked to the exploitation, transport, and usage of fossil fuels. Furthermore, non-point source VOCs caused by leakage, evaporation during production, and storage activities are equally significant and harder to control. In recent years, great efforts have been made to establish efficient solutions to mitigate ammonia and VOCs pollution as well as reliable sensors to monitor the level of ammonia and VOCs concentration in the air. The crossover between the attractive properties of carbon allotropes and the benefits offered by optical fibers has led to an attractive platform for ammonia and VOCs sensing. This can be seen from a study conducted by Kavinkumar and Manivannan, who synthesized Ag- decorated GO sheets by reducing the AgNO3 with vitamin C in the presence of GO [202]. The abundance of epoxide and hydroxyl functional groups present on the GO enabled the in-situ formation of positively charged Ag nanoparticles to be adsorbed onto the negatively charged GO surface via the strong electrostatic interaction. Subsequently, when ammonia molecules (NH3) interact with the Ag-decorated GO sheets, electron transfer reaction occurs between the two entities, making Ag-decorated GO sheets naturally responsive to the NH3 vapor. Premised on this sensing mechanism, the as-developed Ag-decorated GO sheets-coated multimode fiber sensor was able to achieve a sensitivity of 0.17 counts/ppm for NH3 concentration ranging from 0 to 500 ppm.



The same year, Kavinkumar and Manivannan also prepared a GO-MWCNTs-coated multimode fiber sensor for VOCs detection at room temperature [203]. The unique combination of GO and MWCNTs provides an improved gas sensing performance due to the large surface to volume ratio and high amount of oxygen functional groups of GO composites that served as the binding sites for the target gas molecules. The variation of output intensity of the fiber sensor is largely affected by the physical adsorption of gas molecules on the surface of the GO-MWCNTs coated on the outer surface of the fiber sensor. The adsorbed gas molecules act as an electron donor to the functional coating and subsequently lead to an increase in charge density of the functional coating that concomitantly changes the refractive index of the modified fiber. The proposed sensor is capable of detecting NH3, ethanol, methanol vapor with sensitivities of 0.41, 0.36, and 0.23 counts/ppm, respectively.



Embedding CNTs within host-matrices of foreign material is a way to improve the gas sensing performance such as enhanced sensitivity and selectivity and extension of detection capabilities to variables of gas molecules. Consales et al. [204] designed and coated a cadmium arachidate(CdA)/SWCNTs composite onto the distal end of a single-mode fiber using the LB deposition technique and capable of detecting xylene, toluene, ethanol, and isopropanol. Even though the incorporation of CdA successfully yields detection sensitivity enhancement over the SWCNTs-coated fiber, the CdA matrix also affects the adsorption dynamics of the gas molecules onto the functional coating and this lengthens the response time of the sensor. Recently, Zhang et al. [205] prepared graphene-doped tin oxide nanocomposites for methane sensing using a side polished single-mode fiber as the sensing platform. Typically, SnO2 is an n-type semiconductor material that contains electrons as its majority carrier. When methane molecules are in contact with SnO2, the adsorbed molecules will diffuse freely across the thin film and loses its motion energy. Electrons from the methane molecules are transferred into SnO2, turning into positive ions that lead to the increase of charge carriers in SnO2 and consequently increase the conductivity and effective refractive index of the thin film. Nevertheless, the resistivity of pristine SnO2 thin film alone is very high such that the amount of carrier concentration is hard to control since it is determined by the number of oxygen vacancies. For this reason, doping of graphene into the SnO2 thin film appears to be a way to increase high carrier concentration for SnO2 as well as improving the conductivity of the thin film that gives rise to an enhanced methane molecules sensitivity. The transmittance intensity of the output signal was found to increase with increasing methane concentration (0–55%) to which the fiber was exposed to, and a sensitivity of 200 a.u./% was obtained. Table 7 summarizes all recent advances in the fabrication of carbon nanomaterial-based OFS for VOC detection.




6.7. Other Biomolecule Sensing


By exploiting the evanescent wave of an optical fiber, carbon allotropes can serve as a functional coating capable of detecting bio-analytes and alter the output light properties for interrogation purposes. For instance, Qiu et al. [220] synthesized graphene film using the CVD technique and transferred directly onto the tapered PMMA core section of the plastic optical fiber. The graphene layer serves as a good molecule enricher or an absorbable film supported by the plastic fiber that can firmly absorb glucose molecules onto its surface and alters the output light intensity. A gradual decrease of output light intensity was observed when tested against 1–40% of glucose concentration. Similarly, Jiang et al. [221] also demonstrated a U-bent plastic optical fiber sensor for glucose sensing. Briefly, PVA/graphene/AgNPs thin film was coated onto the U-bent plastic optical fiber via the dip-coating method. The study investigated the effect of bent inner diameter and found that the refractive index sensitivity of the fiber sensor decreases with an increasing inner diameter, thus, U-bent plastic optical fiber with 5 mm inner bent diameter was chosen for subsequent glucose detection study. The sensitivity of the as-developed LSPR-based fiber sensor against glucose solutions of concentration ranging from 1.25 to 20% resulted in glucose sensitivity of approximately 0.9375 nm/%. Sharma and Gupta presented a graphene-based chalcogenide fiber optic sensor for hemoglobin detection in human blood samples [222]. The evanescent wave of the optical fiber interacts with the graphene monolayer that serves as a bio-enricher material in the proposed sensor. In the presence of hemoglobin of various concentrations, a significant portion of light was absorbed and output light intensity was reduced. At 1000 nm wavelength, an LOD of 18 µg/dL and hemoglobin sensitivity of 6.71 × 10−4 per g/dL were obtained. On top of that, the detection of uric acid [223], dopamine [224], human IgG [2] have been reported using graphene and CNTs-based OFS using the evanescent wave detecting scheme.





7. Future Outlook


The studies on carbon allotrope-based OFS have provided us with a deeper insight into the current trend of carbon allotrope-based sensing schemes and applications. Undoubtedly, carbon is an element with the widest and most diverse types of structure. Many carbon allotropes with different morphologies can be formed by the various arrangement of sp2 and sp3 carbon atoms, resulting in many different nanostructures with unique properties. Even though carbon allotropes have immense commercial potential in the sensing industries, there are still some challenges that need to be addressed before the commercialization of carbon allotrope-based sensors is possible. Firstly, extensive investigation into the preparation of the carbon allotropes is required to achieve uniform and reproducible nanostructures. For example, CDs can be prepared via various carbon precursors and can be doped with single or multiple dopant atoms to modulate the optical properties [225]. However, intensive studies are required to warrant a deeper understanding of the formation mechanism as well as the effects of the precursor types and synthesis methods on the resultant CDs to gain better control of the optimization work for sensing performance enhancement. Next, the stability of carbon allotropes is also a matter of concern. rGO, for instance, can form via chemically or thermally reduced route from GO. For this reason, the operating temperature of the GO-based OFS is often limited to prevent the undesired reduction process of the GO structure. Thus, even though it is advantageous for OFS to operate at high temperatures to allow quicker molecules adsorption and desorption process, most of the reported GO-based OFS were tested at ambient temperature. Besides, the sensitivity and selectivity of carbon allotrope-based sensors can also be further enhanced by proper surface treatment or ion doping. In a work by Ham et al. [226], it was reported that oxygen plasma treatment on CNTs improved the immuno-sensing detection limit by almost 1000 times when compared to the standard ELISA assay. On the other hand, non-treated CNTs exhibit no detectable signal. These results show that the oxygen-containing moieties introduced during the oxygen plasma process have a favorable effect on the sensing performance of the CNT-based sensors.



The integration of these carbon allotropes with optical fiber has given rise to many different OFS that are capable of detecting a wide range of molecules/parameters such as toxic gas, biomolecules, heavy metal ions, humidity, pressure, and others. As compared to other currently available technologies for sensing industries, carbon allotrope-based OFS sensing platform is advantageous in the aspect of resistance to corrosion, immune to electromagnetic interference, distributed and multiplexing sensing capabilities, and large dynamic operating range. However, the development of the OFS sensing platform is slightly more sophisticated than other sensing technologies such as electrochemical-based sensors that are excellent in terms of generating an output signal that can be used directly for hardware circuit, or microwave-based sensors such as microwave resonators that can also be easily linked to wireless sensing network platform due to the compatible operating frequencies. Table 8 summarizes the advantages and limitations of optical fiber sensing technology as compared to other conventional methods such as electrochemical, acoustic, microwave, and mass spectroscopy.



In summary, although OFS have humongous potential for sensing applications, there are still some obvious limitations that need to be addressed. Firstly, cross-sensitivity to factors such as temperature and pressure can significantly affect the sensing performance of the OFS. Thus, careful design of the sensory system is required to minimize interferences. One may implement an array of OFS, each functionalized with different sensing materials that exhibit different affinity levels to a group of target molecules in order to obtain multivariable responses which allow statistical method such as linear discriminant analysis to be done to improve sensor’s selectivity [227]. A multiplexing system also enables the translation of the existing optical fiber sensing platform for distributed sensing applications. This can be done by integrating commercial optical frequency domain reflectometry system to spatially discriminate the measurand at different locations along a fiber length.



Secondly, traditional optical fiber measurement requires an optical spectrometer that is costly and bulky because it comprises many optical parts such as mirrors, beam splitters, and other assemblies to deliver broad wavelength coverage. Not only that these characters make the entire sensing system difficult for on-site measurement, but they may also appear to be redundant for some applications. In fact, a narrower wavelength span requirement is likely to ease the realization of a compact optical interrogator for the development of a portable OFS. Certainly, intensity interrogation will be much easier to implement given the fact that a simple and cost-effective photodetector is sufficient to deliver the output signal in electrical form. If wavelength interrogation is unavoidable, several novel interrogator designs involving the use of post-inscription of fiber gratings in the optical sensor probe can be used [228,229], but at the cost of complicated fabrication procedures and the possibility of affecting the sensor performance.



Alternatively, one may incorporate fiber Bragg grating fibers into the design of the optical sensing system, serving as line markers that measure the light intensity at the pre-determined wavelengths of the output spectrum to estimate the amount of wavelength shift [187].



In short, future research works requires the synergistic effort from the material science groups and optical fiber technologists to integrate the benefits of carbon allotropes with optical fiber as well as to incorporate multiplexing capabilities, distributed sensing and Internet of Thing (IoT) to produce the next generation of carbon allotrope-based OFS.
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Figure 1. The idealized illustration of three distinctive SWCNTs with open ends. (a) an achiral metallic conductive armchair (10,10) SWCNT, (b) a chiral semi-conductive (12,7) SWCNT, (c) an achiral conductive zigzag (15,0) SWCNT. SWCNT in (c) is conductive as      n − m  3     results in a whole number [18]. Copyright © 2002, John Wiley and sons. 
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Figure 2. (a) N-V center in NDs. N and C are colored in red and black, respectively while vacancy is represented by yellow. The x and y-axes are shown on top of the z-axis. (b) The electronic states of NDs at room temperature. As a result of the double degeneracy of the molecular orbitals of the excited spin-triplet state, there are two orthogonal transition dipole moments. Spin-preserving PL and optical excitation are illustrated by green and red arrows, respectively [69]. Copyright © 2017, Elsevier. 
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Figure 3. Langmuir-Blodgett film deposition scheme. (a) Spreading of molecules to the surface of sub-phase, (b) surface compression with constant pressure to yield a condensed and stable monolayer film, (c) X-type LB film deposition, (d) Y-type LB film deposition, and (e) Z-type LB film deposition. 
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Figure 4. General design of crosslinking agent. (a) Homobifunctional crosslinker with identical reactive groups at the end of spacer arm and (b) heterofunctional crosslinker with two different reactive groups at the either end of spacer arm. 
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Figure 5. Experimental architecture: (a) diaphragm incorporated FBG positioned between two hollow rings, (i) a single sheet of graphene diaphragm on the top of FBG, (ii) two sheets of graphene on the top of FBG, (iii) two sheets of graphene between FBG called sandwich layer. (b) Sandwich layers of the sensor head structure [168]. Copyright © 2016, Elsevier B.V. 
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Figure 6. Schematic of (a) Pre-etched fiber tip coated with graphene membrane that covers the hole and two gold electrodes and (b) optical image of the tip’s end facet [177]. Copyright © 2015, WILEY-VCH Verlag GmbH & Co. KGaA. 
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Figure 7. Magnetically sensitive ND-doped tellurite glass fiber. (a) Schematic diagram of the optically detected magnetic resonance using ND-doped tellurite glass fiber. (b) Image of the NV emission from the fiber end face captured using an sCMOS camera. (c) Output spectra of the sensor with varying magnetic field strength. (d) Theoretical and experimental results for the off-resonant fluorescence intensity versus magnetic field [182]. Copyright © 2018, Springer Nature. 






Figure 7. Magnetically sensitive ND-doped tellurite glass fiber. (a) Schematic diagram of the optically detected magnetic resonance using ND-doped tellurite glass fiber. (b) Image of the NV emission from the fiber end face captured using an sCMOS camera. (c) Output spectra of the sensor with varying magnetic field strength. (d) Theoretical and experimental results for the off-resonant fluorescence intensity versus magnetic field [182]. Copyright © 2018, Springer Nature.



[image: Sensors 20 02046 g007]







[image: Sensors 20 02046 g008 550] 





Figure 8. Ethanol sensing experimental setup using SnO2/PEI/GO coated fiber [119]. Copyright © 2018, MDPI. 
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Table 1. Comparison of carbon allotropes properties.
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	Type of Carbon Allotrope
	Properties





	Carbon Nanotubes
	
	
High length to diameter aspect ratios



	
Requires functionalization to reduce the hydrophobicity



	
Tends to aggregate due to strong van der Waals interaction



	
Electronic properties are dependent on the chirality, length and diameter of CNTs.








	Carbon Dots
	
	
Have tunable fluorescence



	
Can be excitation dependent or excitation independent



	
Have numerous surface moieties on the surface



	
Doping and functionalization can improve sensing capabilities



	
Flexibility in selecting the starting precursors








	Graphene
	
	
High surface to volume ratio



	
Conductivity of graphene can be influenced by the attachment of analyte



	
Can be employed for various sensing modalities based on their electronic, SERS and fluorescence characteristics








	Nanodiamonds
	
	
Fluorescence based on the nitrogen-vacancy center



	
Resistant to photobleaching



	
Fluorescence is sensitive to magnetic field changes
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Table 2. Comparison of synthesis approaches for carbon allotropes.
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Types of Carbon Allotropes

	
Synthesis Strategy

	
Advantages

	
Disadvantages






	
Carbon nanotubes

	
Arc-discharge

	

	
Can provide high-quality CNTs



	
Simple apparatus



	
High reproducibility






	

	
High synthesis temperature



	
Contaminated with impurities









	
Chemical vapor deposition

	

	
Lower synthesis temperature



	
Uses hydrocarbon gas as the precursors



	
Different types of CNTs can be prepared by varying the precursors.






	

	
Contaminated with impurities



	
Requires many optimization processes from the catalyst preparation to the CVD reaction









	
Laser ablation

	

	
Higher yield and greater purity than arc-discharge method






	

	
High synthesis temperature



	
Contaminated with impurities









	
Carbon dots

	
Optical

	

	
Simple experimental setup



	
Can tune the dimension of CDs by adjusting experiment parameters






	

	
Low yield









	
Chemical

	

	
High yield



	
Large scale production



	
Inexpensive apparatus






	

	
Requires hash chemicals



	
Environmentally unfriendly









	
Thermal

	

	
Rapid process



	
Can be prepared using simple apparatus such as domestic microwave oven



	
Can be carried out without hash chemical






	

	
Uneven heating



	
Large size distribution









	
Graphene

	
Mechanical exfoliation

	

	
Simple procedure



	
High quality graphene






	

	
Low yield









	
Liquid exfoliation

	

	
Large scale production






	

	
Difficult to control the number of layers and defects



	
Difficult to remove residual solvents









	
Chemical treatment

	

	
Large scale production






	

	
Requires harsh chemical



	
Long duration









	
Nanodiamonds

	
Detonation

	

	
Can be prepared from precursors such as old munitions






	

	
Requires purification



	
High synthesis temperature









	
Pulsed laser

	

	
Can be carried out in water



	
Environmentally friendly procedure






	

	
Resultant product contains impurities
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Table 3. Summary of carbon allotrope-based OFS for RH sensing.
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	Sensing Material
	Optical Fiber
	Linear Detection Range (%)
	Sensitivity

(% RH−1)
	Ref.





	CNT
	Etched FBG
	20–90
	31 pm
	[147]



	CNTs doped PMMA
	Optical microfiber
	45–80
	0.3341 dBm
	[149]



	MWCNTs slurry
	Optical microfiber
	45–80
	5.17 μW
	[148]



	CNT/PVA
	Thin core fiber
	70–86
	0.4573 dB
	[150]



	rGO
	Hollow core fiber
	60–90
	0.229 dB
	[151]



	rGO
	Side polished fiber
	70–95
	0.31 dB
	[134]



	rGO
	Microfiber resonator
	30–50
	0.0537 nm
	[153]



	rGO/PS
	Optical microfiber
	50.5–70.6

79.5–85.0
	0.224 dB

4.118 dB
	[152]



	GO
	Side polished fiber
	32–85

85–97.6
	0.145 nm

0.915 nm
	[154]



	GO
	Side polished twin core fiber
	40–75
	2.720 nm
	[155]



	GO
	Polarization maintaining fiber
	60–77
	0.349 dB
	[156]



	GO/PEI
	Multimode fiber
	20–70

70–90
	0.317 nm

0.311 nm
	[157]



	GO
	Tilted FBG
	10–80
	0.129 dB
	[158]



	GO
	Tilted FBG
	30–80
	0.027 dB

18.5 pm
	[159]



	GO
	Single mode fiber
	30–60
	0.104 dB

0.0272 nm
	[160]



	GO/PVA
	Optical microfiber
	40–60
	0.0606 dBm
	[161]



	GO/PVA
	Waist enlarged taper SMF
	25–80
	0.193 dB
	[162]
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Table 4. Summary of carbon allotrope-based OFS for temperature sensing.
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	Sensing Material
	Optical Fiber
	Linear Detection Range (° C)
	Sensitivity

(° C−1)
	Ref.





	rGO
	Side polished fiber
	−7.8–77
	0.134 dB
	[1]



	rGO
	Etched FBG
	−100–300
	33 pm
	[164]



	rGO
	Suspended core hollow fiber
	30–80
	179.4 pm
	[165]



	Graphene
	Optical microfiber
	30–80
	0.1018 dB
	[166]



	Graphene/PDMS
	Microfiber ring resonator
	30–60
	0.544 dB
	[167]



	Graphene/Ag
	Hollow core fiber
	22–47
	9.44 nm
	[170]



	PU/Graphene
	FBG
	25–60
	6 pm
	[171]



	Graphene diaphragm
	Fabry-Perot interferometer
	20–60
	352 nm
	[172]



	Graphene diaphragm
	Fabry-Perot interferometer
	500–510

1000–1008
	1.56 nm

1.87 nm
	[173]



	Graphene diaphragm
	FBG
	27–77
	13.31 pm
	[168]



	Graphene diaphragm
	FBG
	20–100
	306.2 nm
	[7]
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Table 5. Summary of carbon allotrope-based OFS for pressure sensing.
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	Sensing Material
	Optical Fiber
	Linear Detection Range (kPa)
	Sensitivity

(nm kPa−1)
	Ref.





	Graphene diaphragm
	Fabry-Perot interferometer
	0–3.5
	1096
	[174]



	Graphene diaphragm
	Fabry-Perot interferometer
	0–2.5
	80
	[175]



	Graphene diaphragm
	Fabry-Perot interferometer
	0–13
	65.71
	[169]



	Graphene diaphragm
	Fabry-Perot interferometer
	0–5
	39.4
	[176]



	Graphene diaphragm
	FBG
	0–2
	501.4
	[7]



	Graphene diaphragm
	FBG
	0–9.81
	0.25
	[168]
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Table 6. Summary of carbon allotrope-based OFS for ethanol sensing.
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	Sensing Material
	Optical Fiber
	Detection Range (%)
	LOD* (%)
	Sensitivity
	Ref.





	Graphene
	Tapered MMF
	0–40
	-
	0.829 a.u. / %
	[194]



	GO
	Plastic cladding silica fiber
	10–80
	5
	-
	[198]



	GO
	Tapered MMF
	5–40
	5
	-
	[199]



	GO
	FBG
	0–80
	10
	-
	[200]



	GO
	Tapered MMF
	0–40
	-
	1.330 a.u. / %
	[194]



	SnO2/GO/PEI
	MMF
	0–100
	20
	-
	[119]



	Ag/rGO
	MMF
	0–100
	1
	-
	[195]



	CNTs
	Tapered tip fiber
	5–80
	-
	0.144 a.u. / %
	[196]



	CNTs
	POF
	20–100
	0.2
	-
	[201]



	CNTs
	MMF
	5–80
	0.02
	-
	[133]







* Limit of Detection (LOD) in percentage concentration.
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Table 7. Summary of carbon allotrope-based OFS for VOCs sensing.






Table 7. Summary of carbon allotrope-based OFS for VOCs sensing.





	
Target Molecule

	
Sensing Material

	
Optical Fiber

	
Detection Range

	
LOD

	
Sensitivity*

	
Ref.






	
NH3

	
GO-MWCNTs

	
MMF

	
0–500 ppm

	
–

	
0.41 cts ppm−1

	
[202]




	
GO

	
MMF

	
0–500 ppm

	
–

	
−0.32 cts ppm−1

	
[206]




	
rGO

	
MMF

	
0–500 ppm

	
–

	
0.08 cts ppm−1

	
[202]




	
Ag/GO

	
MMF

	
0–500 ppm

	
–

	
0.17 cts ppm−1

	
[202]




	
MWCNTs

	
MMF

	
0–500 ppm

	
–

	
0.31 cts ppm−1

	
[207]




	
SWCNTs

	
MMF

	
50–500 ppm

	
–

	
0.22 cts ppm−1

	
[208]




	
Graphene

	
Optical microfiber

	
0–300 ppm

	
–

	
0.015 nm/ppm

	
[209]




	
Graphene/PANI

	
Side polished fiber

	
0–1%

	
–

	
132.8 a.u./%

	
[210]




	
Graphene

	
D-shaped fiber

	
0–1000 ppm

	
0.04 ppm

	
–

	
[211]




	
Graphene

	
Microfiber Bragg grating

	
0–100 ppm

	
0.2 ppm

	
–

	
[212]




	
Fe3O4 - graphene

	
SMF

	
1.5–150 ppm

	
7 ppb

	
–

	
[213]




	
Graphene

	
Microfiber hybrid waveguide

	
0–360 ppm

	
0.3 ppm

	
–

	
[214]




	
CH4

	
Graphene/CNTs

	
MMF

	
10–100 ppm

	
–

	
0.3 nm/ppm

	
[215]




	
PAA-NTs/PAH

	
PCF-LPG

	
0–3.5%

	
0.18%

	
1.078 nm/%

	
[216]




	
SnO2/Graphene

	
Side polished fiber

	
0–55%

	
–

	
200 a.u./%

	
[205]




	
Ethanol

	
GO-MWCNTs

	
MMF

	
0–500 ppm

	
–

	
0.36 cts ppm−1

	
[203]




	
GO

	
MMF

	
0–500 ppm

	
–

	
-0.26 cts ppm−1

	
[206]




	
rGO

	
MMF

	
0–500 ppm

	
–

	
0.065 cts ppm−1

	
[217]




	
MWCNTs

	
MMF

	
0–500 ppm

	
–

	
0.52 cts ppm−1

	
[218]




	
SWCNTs

	
MMF

	
50–500 ppm

	
–

	
0.20 cts ppm−1

	
[208]




	
CdA/SWCNTs

	
Fabry-Perot interferometer

	
–

	
–

	
0.5 10−3 / ppm

	
[204]




	
Methanol

	
GO-MWCNTs

	
MMF

	
0–500 ppm

	
–

	
0.23 cts ppm−1

	
[203]




	
GO

	
MMF

	
0–500 ppm

	
–

	
−0.20 cts ppm−1

	
[206]




	
rGO

	
MMF

	
0–500 ppm

	
–

	
0.038 cts ppm−1

	
[217]




	
MWCNTs

	
MMF

	
0 – 500 ppm

	
–

	
0.14 cts ppm−1

	
[218]




	
SWCNTs

	
MMF

	
50–500 ppm

	
–

	
0.01 cts ppm−1

	
[208]




	
Toluene

	
rGO

	
Side polished fiber

	
50–200 ppm

	
79 ppm

	
–

	
[219]




	
CdA/SWCNTs

	
Fabry-Perot interferometer

	
–

	
–

	
1.3 10−3 / ppm

	
[204]




	
Xylene

	
Graphene

	
Microfiber Bragg grating

	
0–100 ppm

	
0.5 ppm

	
–

	
[212]




	
CdA/SWCNTs

	
Fabry-Perot interferometer

	
–

	
–

	
3.2 10−3 / ppm

	
[204]








* cts ppm−1 = counts ppm−1, Limit of Detection (LOD).
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Table 8. Advantages and limitations of different sensing methods for environmental and biological sensing applications.
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	Sensing Methods
	Advantages
	Limitations





	
	
Optical fiber [5]





	
	
Small size



	
Long-term cost savings



	
Multiplexing capabilities



	
Distributed sensing capabilities



	
Multifunctional sensing capabilities



	
Large dynamic operating range



	
Self-referencing



	
Fast response time



	
Resistant to electromagnetic interference



	
Corrosion resistant



	
Can be used in harsh environments



	
Versatile sensing platform



	
Miniaturized and portable sensor



	
Feasible on-site or in-situ monitoring





	
	
Requires custom design of the interrogation system



	
Cross sensitivities to physical parameters








	
	
Electrochemical



	
(e.g., potential, current, conductivity, resistance [230])





	
	
Chemical signal converts to electrical signal that can be used immediately for electrical hardware



	
Fast response time



	
Miniaturized and portable sensor



	
Potential for mass production



	
Feasible on-site or in-situ monitoring





	
	
Complicated sensor configuration



	
Cross sensitivities to physical parameters








	
	
Acoustic



	
(e.g., surface acoustic wave [231,232])





	
	
Low power consumption



	
Small size



	
Able to work without batteries





	
	
Cross sensitivities to physical parameters



	
Requires costly electronic detection system








	
	
Microwave



	
(e.g., microwave resonator [233,234])





	
	
Capable of non-contact sensing



	
Miniaturization is easy due to high operating frequencies



	
Easily linked with commercial mobile communication system / wireless sensing network



	
Inherently stable because the resonant frequency is related to the physical dimension





	
	
Cross sensitivities to physical parameters



	
Susceptible to electromagnetic interference



	
Requires high degree of specialization



	
Cost of sensor configuration increase with frequency



	
Long wavelengths cause the achievable resolution is limited








	
	
Mass spectroscopy [235]





	
	
Ultra-high sensitivity and selectivity



	
High precision and accuracy





	
	
Expensive setup



	
Bulky



	
Requires high degree of specialization



	
Tedious sample preparation
















© 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/).
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