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A B S T R A C T   

Nickel-based catalysts are currently the subject of intensive study in the search for novel electrode materials for 
non-enzymatic glucose sensing. Their strong activity towards glucose electrooxidation and intrinsic resistance to 
chloride poisoning makes these catalysts ideal candidates for the development of affordable and stable glucose 
sensors. In this review, the mechanism of glucose electrooxidation at Ni electrodes is described, clarifying the 
effect of the different phases of Ni on their catalytic activity. Moreover, a brief background on chloride poisoning 
is provided, supplemented by computational studies. Furthermore, this article details the most intriguing com
pounds of Ni (selenides, sulfides, nitrates) and the analytical performance of the respective sensors. Additional 
focus points of this work are multimetallic nanosystems where Ni is a component, and the growing field of 
conductive metal organic frameworks with Ni centers. This review will be beneficial for researchers who aim at 
delving deeper into the potential of Ni-based materials for glucose sensing.   

1. Introduction 

Over the last decades, the increasing incidence of Diabetes Mellitus 
in both developing and affluent countries [1] has further highlighted the 
need for new approaches to glucose sensing. Currently, most of the 
commercially available products are still based on the same principle 
behind the enzymatic biosensor proposed by Clark in 1962 [2,3]. 
Although enzymatic electrochemical sensors have the potential to be 
produced at a low cost and be compact, they suffer from a limited 
functional period which complicates their use for continuous monitoring 
applications [4]. The poor stability of the signal can chiefly be attributed 
to fouling by non-target species, and in particular to the use of the 
enzyme, whose activity progressively reduces over time [5]. Addition
ally, the enzyme’s sensitivity to temperature, pH and humidity changes 
and the high risk of enzyme leaching increases the complexity of the 
manufacturing process and imposes more delicate conditions of usage 
[6]. To overcome these drawbacks, mechanisms of non-enzymatic 
electrochemical glucose sensing have been studied [5,7,8]. In this re
gard, nanomaterials play a major part [9]. Different nanostructured 
electrode materials have been developed over the years and in particular 
noble metals (Au, Pt, Pd etc.) [10] played a significant role in the 
advancement towards fourth-generation glucose sensors. 

Considerable effort has been dedicated in understanding the mech
anism of direct electrooxidation at metal electrodes. Accordingly, two 
models have been proposed: the chemisorption model [11] and the 
incipient hydrous oxide adatom mediator model [12]. 

Despite the extensive studies on the oxidation process, the use of bulk 
noble metals for glucose sensing is limited, due to the presence of many 
shortcomings [13,14]. First, the competition of anions such as halides 
for glucose adsorption, leading to catalyst poisoning [15,16]. Secondly, 
the electrode’s degradation as a result of fouling by species commonly 
found in physiological solutions. Lastly, the much greater cost of noble 
metals compared to other materials, due to their scarcity and use as 
assets in the financial system [17]. 

For these reasons, the research community has focused its attention 
on finding alternative materials capable of electrooxidizing glucose 
without being as affected by poisoning and fouling, while costing a 
fraction of the noble metals. Examples are metal oxides (NiO, CuO, 
Co3O4 etc.) [18–20], metal sulfides (NiS, FeS2, CuS2, etc.) [21–23], 
metal organic frameworks [24–26] and carbon materials (graphene, 
carbon nanotubes etc.) [27]. Alloying [28], doping [29] and carbon 
composites [30] are common approaches being explored to fine tune the 
catalytic activity and/or poisoning resistance. 

In particular, in the field of glucose sensing the element nickel has 
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shown exceptional potential, finding application in its pure form, in 
compounds and also recently in conductive metal organic frameworks. 
Its widespread use can be mainly attributed to the highly oxidizing 
power of the Ni(II)/Ni(III) couple [31,32] and to its intrinsic resistance 
to halogen poisoning (both by itself and in combination with noble 
metals) [33]. 

Furthermore, nickel is a naturally occurring element that can be 
readily found in the environment, existing in over a 100 different min
eral forms [34]. It belongs to the transition series with other group 10 
elements such as Pt and Pd. Sometimes considered as the “impov
erished” sibling of Pt, its high activity towards sluggish reactions in 
homogeneous [35] and heterogenous catalysis [36] proves this char
acterization to be limited. Additionally, the wider availability of Ni 
makes it vastly more affordable than common noble metal catalysts (e. 
g., the price of Ni is presently 2500-fold lower than for Au). As a result, 
more researchers are turning to nickel-based materials for application as 
either supports or catalysts due to their outstanding yet highly tunable 
properties. 

This review article summarizes the most recent progress in the 
development of Ni-based non-enzymatic electrochemical glucose sen
sors. The fundamentals of glucose electrooxidation at Ni electrodes are 
highlighted, which can in some part be extended to other Ni-based 
systems. The literature on the chloride poisoning is briefly presented 
and a possible explanation for its resilience compared to noble metals is 
proposed. Additionally, the analytical performance of sensors based on 
Ni compounds, bimetallic nanostructured systems and metal organic 
frameworks with Ni centers is discussed. 

2. Electrooxidation of glucose on Ni electrodes in alkaline 
solutions 

The electrochemical oxidation of glucose on Ni electrodes has been 
reported in numerous studies to occur at the same potential of the Ni (III) 
oxide formation [37]. Accordingly, the electron transfer appears to be 
mediated by the Ni(OH)2/NiO(OH) redox couple. As a consequence, the 
overall electrocatalytic activity of Ni towards glucose electrooxidation is 
positively correlated with pH. 

In alkaline solutions, the following mechanism has been proposed by 
Fleischmann and others: 

Ni+ 2OH− → Ni(OH)2 + 2e− (1)  

NiO+H2O→Ni(OH)2 (2)  

Ni(OH)2 +OH− → NiO(OH)+H2O + e− (3)  

NiO(OH) + glucose→Ni(OH)2 + gluconolactone (4) 

The Nickel(III) acts as a strong oxidant towards glucose (and other 
organic compounds [32]) by participating in the rate limiting step of the 

electrooxidation: the hydrogen abstraction from the C α to the functional 
group. The irreversible nature of the oxidation reaction is confirmed by 
the increase in peak current for increasing glucose concentrations 
limited only to the anodic scan (Fig. 1-a). 

To achieve reproducible results, a good strategy is to first perform a 
few scans of cyclic voltammetry between 0V and 0.7V (vs Ag/AgCl/KCl 
(3 M) reference electrode), which guarantees the complete conversion of 
Ni and NiO species to Ni(OH)2 and NiO(OH) [39]. 

For the sake of comparison, many researchers evaluate their Ni- 
based electrodes’ performance at pH 13. Nevertheless, an optimization 
study should always be considered in order to evaluate the hydroxyl 
concentration that leads to the highest peak current and the lowest 
background current (current response in the absence of the analyte). In a 
recent work, Ko et al. [38] proved via chronoamperometry that the 
concentration of NaOH producing the best signal to noise ratio was 0.5 
M. Clearly, care should be taken not to generalize their results to other 
systems having different substrates or additional catalysts. 

Two different forms exist for Ni(OH)2 (α and β) and for NiO(OH) 
(βand γ ) [40]. Visscher and Barendrecht [41] as well as Hahn et al. [42] 
observed that α- Ni(OH)2 slowly transforms in β- Ni(OH)2 as a result of 
electrochemical ageing. In particular, the transformation from α- 
Ni(OH)2 to β- Ni(OH)2 is associated with a shift of the anodic peak po
sition to higher potentials. As a result, for a fixed potential the current 
density for water oxidation will be reduced for aged electrodes. This 
polymorphism can account for the diverse electrochemical response of 
different Ni electrodes. 

3. Selectivity and non-enzymatic glucose sensors 

One of the main disadvantages of non-enzymatic glucose sensors is 
the lack of a selective recognition mechanism. Nickel-based catalysts 
and non-enzymatic glucose sensors as a whole, once polarized can 
oxidize many other molecules in addition to glucose. This can be 
attributed to the easily accessible catalytic sites (e.g. NiOOH) which on a 
flat electrode surface can be reached by small and large molecules alike. 
As a result, the electrode’s current response may poorly correlate with 
the real serum glucose concentration. In particular, the main interferents 
are reportedly: ascorbic acid, uric acid, acetaminophen and dopamine 
[43]. Acetaminophen and dopamine can be especially problematic when 
their oxidation products have an affinity for the electrode surface 
(usually carbon-based) because they can effectively block the catalyti
cally active sites [44,45]. Other interferents include mono and di
saccharides such as fructose and sucrose, which possess a similar 
chemical structure to glucose. Disaccharides do not exist in the blood
stream [46], since they get separated into their constituents by enzymes 
during digestion (e.g. sucrose gets separated by sucrase into glucose and 
fructose). However, in the case of fructose its blood concentration is 
usually 10–1000 times lower than that of glucose [47], thus posing no 
particular issue from an analytical standpoint. 

Fig. 1. a) Cyclic voltammograms of 500 μM glucose obtained with the 150 nm Ni(OH)2-nitrogen-incorporated nanodiamond (Ni(OH)2-NND) electrode in 0.5 M 
NaOH solution at scan rates of 5, 10, 15, 20, 25, 30 mV/s. (b) Cyclic voltammograms of the 150 nm Ni(OH)2-NND electrode at a scan rate of 10 mV/s in 0.5 M NaOH 
in the presence of 50, 100, 150, 250, 350, and 500 μM of glucose. Reproduced from Ref. [38] with permission from the Royal Chemical Society. 
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Overall, nickel-based non enzymatic glucose sensors can achieve a 
satisfactory level of selectivity and this can be attributed to a number of 
reasons. First of all, the concentration of interferents in the blood serum 
is usually more than 10 fold lower than that of glucose (which for 
healthy individuals is around 4 mM [48]). Accordingly, even supposing 
to oxidize the interferents with the same kinetic rate, this would at most 
cause a 10% uncertainty in the current signal. Second of all, the majority 
of the proposed electrode configurations in the literature involve some 
measure of surface nanostructuring [9], which can act as a size control 
for molecules larger than glucose. Additionally, the high degree of hy
droxylation of Ni-based electrodes renders the surface extremely hy
drophilic, which naturally repels hydrophobic species such as most 
fouling agents [49]. Moreover, the electrochemical technique being 
used also has an impact. Accordingly, good selectivity can be achieved in 
certain systems with potentiostatic approaches (chronoamperometry) 
by choosing a potential at which glucose is oxidized, but not the inter
ferents. Lastly, the use of membranes (e.g. Nafion) has been shown to 
effectively protect the surface from fouling, while maximizing the 
overall sensor’s selectivity mostly through a size selection mechanism 
[50,51]. 

4. Halide poisoning and nickel’s resistance to Cl¡

The chloride ion (Cl− ), with a molar mass of 35.45 g/mol, is the most 
abundant anion in the human serum with a concentration around 
97–107 mM [52]. It plays a significant role in the fluid homeostasis, 

electrolyte balance, conservation of electrical neutrality and acid base 
status [53]. 

Its significant concentration in the extracellular fluid is well known 
to impair the performance of non-enzymatic glucose sensors in a process 
referred to as halide poisoning, where the surface-active sites of the 
catalyst are being blocked. Noble metals, such as Pt and Au, are reported 
to be particularly affected by halide poisoning for glucose and methanol 
electrooxidation [54–57]. The reason for the loss of catalytic activity has 
been attributed to the specific adsorption of Cl− . Moreover, the presence 
of chlorides causes the formation of soluble species instead of an oxide 
layer from Au [16,58], inevitably leading to corrosion. Similarly, elec
trochemical cycling in chloride rich solutions is known to cause Pt 
etching [15]. 

Conversely, the surface of metals such as Ni spontaneously forms a 
passivation film composed of an inner NiO with an hydroxylated outer 
layer, which protects it against corrosion [59]. In certain conditions, the 
interaction with halides can still lead to the breakdown of the passiv
ation film, and the subsequent corrosion by pitting. 

Nonetheless, NiOx is drastically less susceptible to poisoning 
compared to noble metals and the reason for this has generally been 
attributed to a difference in adsorption energy of the halide ion on the 
different surfaces [60,61]. A deep evaluation of the poisoning resistance 
of NiOx electrodes was first performed by El-Rafaei and colleagues [33], 
who recorded the glucose electrooxidation peak in 0.5 M NaOH before 
and after the addition of 0.1 M Cl− . After chloride addition, the peak 
current decreased to a minimum at the 4th cycle (losing 4% of the initial 
value), and then it increased again almost to the original value after the 
15th cycle. This behavior may be explained by the low absorbability of 
Cl− ions, and possibly by the high reversible oxidation potentials of the 
Cl2/Cl− couples [62]. 

A deeper understanding of the mechanisms at play is provided by 
computational approaches. In a pivotal work, Bouzoubaa et al. [63] 
described the interaction of an hydroxylated defect-free NiO(111) sur
face with different halides (F− ,I− ,Cl− ,Br− ). 

Fig. 2 shows the modeled slab for different OH- substitutions by 
halide ions X− . 

In particular, as the chloride coverage increases and the Cl− pro
gressively substitutes more OH− groups, the lateral anion-anion re
pulsions gradually reduce the OH− substitution energy (becoming 
endothermic at more than 75% substitution). This result is confirmed by 
previous studies [64]. Moreover, since the ionic radius of Cl− is larger 
than that of OH− , the NiCl bond length is larger than that of NiO, thus 
leading to a splitting in the mixed topmost plane. 

Fig. 3 may be read as follows: at low chloride concentrations (<10− 4 

M) the NiOH termination is the most energetically favorable, whereas 
above 10− 4 M the 25% OH− substitution is the most stable configuration 
even at high Cl concentrations, due to the strong anionic repulsion 

Fig. 2. OH substitution by Cl: (a) 6%, (b) 25%, (c) 50%, (d) 75% and (e) 100% 
proportion substitution. Grey atoms, Ni; red, O; green, halide; yellow, 
hydrogen). Reproduced from Ref. [63] with permission from Elsevier. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 3. Interface free energy variations (J/m2) (referenced to the free energy of 
the hydroxylated NiO surface) obtained for the several substitution proportions 
of hydroxyls by Cl− . Reproduced from Ref. [63] with permission from Elsevier. 
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between Cl ions. This calculation may explain why NiOx electrodes are 
intrinsically resilient to chloride poisoning: approximately three quar
ters of surface hydroxyl groups are maintained, which during polariza
tion in an alkaline electrolytes can still give rise to the highly oxidizing 
Ni(III). 

5. Nickel compounds 

5.1. Nickel selenides 

The small difference in electronegativity between Ni (χ = 1.91) and 
Se (χ = 2.55) allows the formation of different nickel selenides [65]. A 
wide range of phases have been reported to be stable at room temper
ature: NiSe2, NiSe, and Ni3Se2. Based on the prediction of Horn and 
Goodenough’s [66], an increase in the covalency of the metal-oxygen 
bond significantly influences the binding of oxygen-related intermedi
ate species, which in alkaline solutions are important pathways to 
glucose electrooxidation. 

In the field of electrocatalysis of the different nickel selenides, a 
prominent role is played by Ni3Se2 and NiSe2, which boast a narrow 
band gap and high conductivity, making them intriguing candidates for 
non-enzymatic glucose sensors. Moreover, metal selenides possess 
higher electrical conductivity, compared to the respective oxides and 
sulfides, due to the strong metallic character of selenium [67,68]. 
Different selenylation approaches have been proposed, but most are 
based on techniques such as hydrothermal [69] or solvothermal [70] 
synthesis, electrodeposition [71], solution chemical process [72] or 
solid state synthesis [73]. Although the literature on nickel selenides for 
glucose sensing is still scarce, the current reports are highly promising. 
The first study on the use of NiSe2 as an electrode modifier for OH−

mediated glucose electrooxidation was done by Mani et al. [74]. Here, 
the researchers employed a hydrothermal synthesis method and then a 
drop cast of the nanosheets in an alcoholic dispersion on a glassy carbon 
electrode. The authors proposed the following redox process for the 
electrode in the absence of glucose in alkaline solution: 

NiSe2 +OH− ↔ NiSeOH + Se + e− (5) 

During the cyclic voltammogram the Ni(III) and Se(II) species are 
oxidized to NI(IV) and Se(III), which readily oxidize glucose to gluco
lactone. The enhancement in the electrocatalytic activity may be 
attributed to the ability of the Se constituent to increase the charge 
transport efficiency between the Ni center and the electrode substrate. 
Although reasonable, in the absence of a Ni electrode control such as
sertions still need to be verified. The calculated sensitivity for the elec
trode after amperometric calibration in 0.1 M NaOH was limited to 5.6 
μA mM− 1 cm− 2 with a limit of detection (LOD) of 0.023 μM. 

In order to improve the electron transfer capabilities of nickel 
selenide-based electrodes, some researchers have combined them with 
carbon nanostructures. For instance, in a recent work, Xu et al. [75] 
fabricated a hierarchical electrode composed of carbon nanorods and 
NiSe2, synthesized though a facile thermal route. After dispersion in a 
Nafion solution, it was drop cast on a glassy carbon electrode. The re
ported sensitivity was 3636 μA mM− 1 cm− 2 with a LOD of 0.38 μM, after 
amperometric calibration in 0.1 M NaOH. Evidently, the mechanical 
stabilization of the NiSe2 nanosheets with a conductive membrane 
greatly improves the overall performance of the sensor. Fig. 4 clarifies 
the effect of the carbon nanorod incorporation, having a significant and 
positive influence on the current increment as a result of glucose 
addition. 

While electrode fabrication procedures such as drop casting and thin 

Fig. 4. (a) CV curves of the bare GCE, Ni(DMG)2, Ni/Carbon nanorods(CNR), and NiSe2/CNR-modified GCEs in the presence of 0.1 M NaOH with or without 1 mM 
glucose; (b) corresponding histogram of current responses of Ni(DMG)2, Ni/CNR, and NiSe2/CNR. Reproduced from Ref. [75] with permission from the American 
Chemical Society. 

Fig. 5. (a) CVs of Ni3Se2 NS/NF and bare Ni foam in 0.5 M NaOH in the absence (dash curves) and presence (solid curves) of 1.0 mM glucose at a scan rate of 20 mV 
s− 1. (b) The bar chart of comparison of current density increments for different electrodes. Reproduced from Ref. [77] with permission from Elsevier. 
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film coating are common in the literature, they are time consuming and 
require the use of polymeric binders in order to fix the catalyst on the 
electrode’s surface. In these cases, the catalytic active centers can get 
significantly blocked by the polymer, thus hindering the electron 
transfer capabilities of the electrode as a whole [76]. 

A more scalable solution, which has been explored not only for Ni 
selenides, is the synthesis of the active catalyst directly from the corre
sponding metal (e.g., Ni). In this way, there is no need for a membrane to 
guarantee the direct catalyst-electrode contact, which, as previously 
stated, impairs the electrical conductivity. 

As an example, Ma et al. [77] fabricated through hydrothermal 
routes Ni3Se2 nanosheets (NS) supported on a Ni foam, with a reported 
sensitivity of 5962 μA mM− 1 cm− 2 and a LOD of 0.04 μM. Fig. 5 high
lights the improvement in the current density (Δj), going from a bare Ni 
foam to a Ni3Se2/Ni Foam. The authors attributed the increase in 
sensitivity to the synergistic interaction between the Ni3Se2 nanosheets 
and the Ni support. 

Table 1 lists all the non-enzymatic glucose sensors described in this 
section. 

5.2. Nickel sulfides 

Compounds of Ni with chalcogenides for glucose sensing are not 
solely limited to selenides. Ni sulfides have been closely investigated as 
well. The main reported advantages of these materials are their high 
redox ability, good electrical conductivity and thermomechanical sta
bility [80].Electronic and band structure calculation suggest that as the 
ratio of S to Ni increases, the Ni d-band centers become more negative 
and the S p-band centers become more positive [81]. The presence of a 
band gap between Ni d-band and the S p-band explains why nickel 
sulfides are generally less conductive than pure Ni. It has been shown 
that the phase of nickel sulfide has a meaningful effect on the catalytic 
activity for the hydrogen evolution reaction [82]. As of now, no studies 
have definitively clarified its impact towards glucose electrooxidation. 

Nickel sulfides can exist in different crystalline structures and sto
chiometric ratios, such as Ni3S2, NiS, NiS2, Ni3S4. They find application 
in different fields, ranging from dye-sensitized solar cell [83] to super
capacitors [84] and electro(photo)catalytic oxygen/hydrogen evolution 
[28,29]. The current scientific research on nickel sulfides for glucose 

sensing is mainly focused on exploring the catalyst-support interaction 
which provides the greatest sensitivity, stability and reproducibility. 
The first work on an electrodeposited NiS film was performed by Kannan 
et al. directly on indium tin oxide (ITO) electrodes [85]. The chosen 
synthesis method was straightforward and easily scalable, granting a 
sensitivity in 0.1 M NaOH of 7430 μA mM− 1 cm− 2. 

In alkaline solution the proposed reversible redox reaction is the 
following [86]: 

NiS+OH− ↔ NiSOH + e− (6) 

Given that the morphology has a strong effect on the catalytic ac
tivity, the majority of the published research works report catalyst 
nanostructuring. Accordingly, hollow spheres of α-NiS have been stud
ied due to their good electrocatalytic activity and stability, ease of 
synthesis, and environmental compatibility [87]. Interestingly, the au
thors observed a significant difference between the α-NiS and the β-NiS 
hollow spheres, with the former leading to a stronger electrocatalytic 
response. However, the abovementioned sensor had a sensitivity of only 
155 μA mM− 1 cm− 2. This was likely the result of aggregation, which 
reduced the active sites and the non-exceptional electrical conductivity 
of NiS. To overcome these obstacles many authors make use of a 
conductive matrix, such as functionalized carbon black [88]. Relatedly, 
Ni3S2/carbon composites have also been fabricated, as done by Lin and 
colleagues [89], by using an hydrothermal method where the carbona
ceous matrix consisted of multiwalled carbon nanotubes. 

With an interesting approach, Meng et al. [90] grew a Ni3S2 nano
worm (NW) network directly on a poly (3,4-ethyl
enedioxythiophene)-reduced graphene oxide hybrid films (PEDOT-rGO 
HFs) modified on glassy carbon electrode. A schematic of the fabrication 
process is illustrated in Fig. 6. The sensor showed good sensitivity (2123 
μA mM− 1 cm− 2) and low LOD (0.48 μM), that the authors attributed to a 
combination of high surface area, morphology, hydrophilic nature 
allowing easy OH− adsorption and good coupling between the different 
electrode layers. 

As of now, one of the most promising technological methods is to 
directly grow the nickel sulfide catalyst directly on a nickel foam. For 
instance, Huo et al. [91] fabricated a 3D Ni3S2 nanosheet array sup
ported on a Ni foam by hydrothermal synthesis using nickel nitrate and 
thiourea. After amperometric calibration in 0.5 M NaOH, the measured 

Table 1 
Comparison table for nickel selenides-based electrochemical non-enzymatic glucose sensors.  

Electrode Electrolytic solution Linear range (μM) LOD (μM) Sensitivity (μA μM− 1 cm− 2) Ref. 

NiSe2-NS/GCE 0.1 M NaOH 0.099–1252 0.023 5.6 [74] 
NiSe2/CNR 0.1 M NaOH 0.5–411 0.38 3636 [75] 
Ni3Se2 NS/NF 0.1 M NaOH 0.25–2835 

2.835–6.335 
0.04 5962 

4362 
[77] 

NiSe NW 0.5 M NaOH 5–3000 5 5 [78] 
NiSe2/Cellulose 0.1 M NaOH 100–1000 25 0.25 [79]  

Fig. 6. Schematic illustration of the synthesis process for Ni3S2 NWs/PEDOT-rGO HFs/GCE. Reproduced from Ref. [90] with permission from Springer Nature.  
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sensitivity was 6148 μA mM− 1 cm− 2, with a LOD of 1.2 μM, mainly 
ascribed to the open channel structure, combined with a fast electron 
and ion transport. Alternatively, as illustrated in a similar work by Kim 
et al., Ni3S2 nanostructures can be hydrothermally grown on a Ni-foam 
by having it react with thioacetamide in an alcohol and water medium 
[92]. By adjusting the solvent composition, a hierarchical 
cauliflower-like structure was obtained (Fig. 7b). The sensor showed 
superior sensitivity (16 460 μA mM− 1 cm− 2) and good LOD (0.82 μM) in 
a 0.5 M NaOH solution. 

Table 2 describes the detection parameters of non-enzymatic glucose 
sensors based on nickel sulfides. 

5.3. Nickel nitrides 

Nickel nitride (Ni3N) has recently shown to be a promising electro
catalyst for glucose sensing. Ni3N is a low temperature solid state phase 
at the boundary between the hcp and hcp + fcc zones, where the ni
trogen atoms occupy the octahedral interstitial sites of the nickel lattice 
in a way that minimizes the N–N interactions [94]. 

Calculated Density of States (DOS) studies indicate that bulk Ni3N is 
intrinsically metallic and that the carrier concentration can be addi
tionally enhanced when dimensional confinement was applied along 
with nanoscale structure [95]. 

Accordingly, the nitridation process induces a contraction in the d- 
band near the Fermi level, thus favorably changing the electronic 
structure for catalytic purposes. 

Different nitridation techniques are reported in the literature, such 
ammonolysis in a NH3 atmosphere [96], reactive physical vapor depo
sition in N2 [97], direct liquid injection chemical vapor deposition with 
NH3 as a co-reactant [98], nitrogen ion implantation [99], plasma based 
nitridation [100] or a solvothermal process with highly reactive azide or 
hydrazine [101,102]. When going from bulk to nanostructured mate
rials, multiple stoichiometries of nickel nitride have been reported (e.g., 
NiN, Ni2N, Ni4N, Ni8N), due to the fact that phase boundaries can 
change when the characteristic size is at the nanoscale [103]. The first 
investigation of Ni3N as a glucose electrocatalyst was done by Xie et al. 
[104]. The authors synthesized nickel nitride nanosheets on a Ti mesh 
by ammonolysis of a previously deposited Ni layer. The sensor after 
amperometric calibration in 0.1 M NaOH displayed a very high sensi
tivity of 7688 μA mM− 1 cm− 2 and a LOD of 0.06 μM. However the linear 

Fig. 7. SEM images of nickel sulfide using various reaction medium: Ni3S2–Et (A), Ni3S2–Et/W (B), Ni3S2–Et/W with high magnification (C), and Ni3S2–W (D), and 
EDS maps of nickel, sulfur, and oxygen from Ni3S2–Et/W (E). Reproduced from Ref. [92] with permission from Elsevier. 

Table 2 
Comparison table for nickel sulphides-based electrochemical non-enzymatic 
glucose sensors.  

Electrode Electrolytic 
solution 

Linear range 
(μM) 

LOD 
(μM) 

Sensitivity (μA 
mM− 1 cm− 2) 

Ref. 

NiS/ITO 0.1 M NaOH 5–45 0.32 7530 [85] 
3D Ni3S2 0.5 M NaOH 0.005–3.0 1.2 6148 [91] 
Ni3S2/ 

MWCNT 
0.1 M NaOH 30–500 1 3345 [89] 

α-NiS 
spheres 

0.1 M NaOH 0.125–2000 0.12 155 [87] 

f-CB/NiS/ 
GCE 

0.1 M NaOH 0.125–268 
268–1781 

0.02 1223 
– 

[88] 

NiS/r-GO 0.1 M NaOH 0.5–1700 0.1 – [93] 
Ni3S2 NW/ 

GCE 
0.1 M NaOH 15–9105 0.48 2123 [90] 

Ni3S2/NF 0.5 M NaOH 0.5–3000 0.82 16460 [92]  
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range was only up to 1.5 mM, which limits its potential application since 
the usual blood glucose concentration is around 4–7 mM [105]. 

As seen with nickel selenides (Section 4.1) and sulfides (Section 4.2), 
and many other catalytic systems [106–108] the integration of a cata
lyst, such as Ni3N, in a conductive carbonaceous matrix can lead to 
significant enhancements in the sensing capabilities due to the 
well-known improvements in the electron transfer afforded by carbon 
materials. In this regard, Liu et al. [109] investigated how a change in 
the structural parameters of different carbon matrices affected the 
electrocatalytic activity of a Ni3N nanosheet/carbon electrode as a 
whole. The authors concluded that a hollow/tubular 3D porous archi
tecture leads to the best sensing performance towards glucose, due to a 
greater dispersion of the nanosheets in the inner and outer walls of the 
carbon fibers. The calculated sensitivity in 0.1 M NaOH was 1620 μA 
mM− 1 cm− 2 until 1.75 mM and 856 μA cm− 2 mM− 1 (from 1.75 to 9.18 
mM), with a LOD of 0.05 μM for the lower concentration range. 

To further increase the sensing performance of composite Ni3N/ 
carbon electrodes, a current trend is to work on improving the synergy 
between the carbon matrix and the nickel nitride catalyst. Nitrogen 
doping of carbon materials allows to fix the metal sites and to facilitate 
the catalytic process by regulating the electronic structure of the carbon 

matrix [110]. In a recent work, Chen et al. [111] successfully fabricated 
a sensor based on nickel nitride decorated nitrogen doped carbon 
spheres (Ni3N/NCS). Fig. 8 shows the morphological details of the bare 
and modified N-doped carbon nano spheres, and also the XRD spectrum 
of the synthesized material. A facile, eco-friendly one pot nitridation 
process was employed and after amperometric calibration in 0.1 M 
NaOH the calculated sensitivity was 2024.18 μAmM− 1cm− 2 (up to 3 
mM) and 1256.98 μA mM− 1cm− 2 (from 3 to 7 mM) with respective LOD 
of 0.1 μM and 0.35 μM. 

The sensing parameters of the above-described nickel nitride-based 
sensors are listed in Table 3. 

6. Bimetallic nickel-based nanomaterials 

A commonly employed strategy to maximize the electrode’s sensi
tivity is to introduce nanoparticles in the design, in order to take 
advantage of their high specific surface area and augment the number of 
active sites. A fairly recent avenue for glucose sensing is represented by 
bimetallic alloy nanomaterials, which by definition are comprised of 
two or more metals. Due to synergistic interactions, bimetallic nano
materials are considered to be more electroactive than their mono
metallic counterpart [116,117]. Depending on the metal combination, 
significant improvements have been reported in terms of sensitivity, 
stability, biocompatibility and specificity due to biomimetic behavior 
[118]. The change in reactivity of a metal as a result of alloying can 
either be due to a change of the electronic structure, increased number 
of possible bonding geometries for adsorbates, or more indirectly, due to 
a change in the lattice parameters [119]. In general, a useful, albeit 
simple, descriptor for a metal’s reactivity has been recognized to be the 
position of d-band center εd . The higher (lower) the d-band center, the 
stronger (weaker) the affinity of an adsorbate to the metal site 
[120–122]. As a molecular adsorbate interacts with the metal’s d-band it 
gives rise to bonding and antibonding molecular orbitals. As a conse
quence of alloying an upward (downward) shift in the metal d-band is 
produced, which leads to a decreased (increased) filling of the 
metal-adsorbate anti-bonding orbitals. It should be noted that there are 
exceptions to this rule [123], and more refined models that take into 

Fig. 8. SEM images of (a) carbon spheres and (b), (c) Ni3N/N-doped carbon spheres. (d) XRD pattern of Ni3N/N-doped carbon sphere. Insert in b is the EDS pattern. 
Reproduced from Ref. [111] with permission from Elsevier. 

Table 3 
Comparison table for nickel nitrides-based electrochemical non-enzymatic 
glucose sensors.  

Electrode Electrolytic 
solution 

Linear range 
(μM) 

LOD 
(μM) 

Sensitivity 
(μA mM− 1 

cm− 2) 

Ref. 

Ni3N NS/Ti 0.1 M NaOH 0.2–1500 0.06 7688 [104] 
Ni3N–C 0.1 M NaOH 0.001–1750 

1750–9180 
0.05 1620 

856 
[109] 

Ni3N/NCS 0.1 M NaOH 1–3000 
3000–7000 

0.1 2024 
1256 

[111] 

Ni3N–Co3N 0.1 M NaOH 0.1–4000 0.03 4418 [112] 
Ni3N/GA 0.1 M NaOH 0.1–7645 0.04 906 [113] 
NiCo2N 0.1 M NaOH 3–7150 0.05 1803 [114] 
Ni3N@C 0.1 M NaOH 1–3000 0.3 783 [115]  
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account the shape of the d-band have been proposed [124]. 
The main synthetic methods for Ni-based bimetallic nanostructures 

are co-reduction [125,126], thermal decomposition [127], seed medi
ated growth [128], galvanic replacement reaction [129] and electro
deposition [130–132]. 

The tendency of Ni to oxidize complicates its synthesis in aqueous 
solutions [133]. An additional hurdle arises due to the magnetic prop
erties of Ni nanoparticles, causing them to cluster together. For this 
reason there are few reports on the synthesis of monodispersed size 
distributions for Ni nanoparticles [134,135]. 

Due to the strong electrocatalytic activity of both copper and nickel 
in alkaline solution towards glucose electrooxidation [136,137], many 
researchers have tried to explore how these two metals interact at the 
nanoscale and how their catalytic activity may change as a result. In a 
recent study, Wei et al. [138] developed a dendritic Cu@Ni on a Ni foam 
(NF) electrode for glucose sensing through a facile electrodeposition 
method. A schematic representation of the system is shown in Fig. 9. 

The sensor, after amperometric calibration in 0.1 M NaOH, showed a 
very high sensitivity of 11340 μAmM− 1cm− 2 with a LOD of 2 μM. NiO 
(OH) and CuO(OH) both contribute to a single anodic peak, due to the 
closeness of their respective oxidation potentials, as also observed in a 
similar work by Bilal et al. [139]. The strong electrochemical response 

was attributed to the synergistic interaction the between oxide shell and 
the conductive metal core, combined with the high surface area allowing 
easy glucose diffusion. The investigation of Lin et al. [140] on electro
deposited Ni and Cu nanoparticles on multiwalled carbon nanotubes 
shed light on two important aspects. First, that the multiwalled carbon 
nanotubes provide a large conductive area onto which Ni and Cu ions 
can electrodeposit without competing, thus leading a more ordered and 
active structure. Secondly, there is a ratio of Cu:Ni which gives the 
highest glucose oxidation current increment, which was observed to be 
1:1. 

Analogously, Ammara et al. explored the combination of a Ni–Cu 
nanocomposite with carbon nanotubes, by sequential electrodeposition 
on electrophoretically deposited carbon nanotube film [141]. In this 
way, the oxidation of Cu and Ni is lessened, while guaranteeing good 
mechanical stability and improved electrical conductivity though the 
formation of a percolation path. Here, the researchers also noted that the 
ideal ratio Ni:Cu to be 1:1. 

In a recent work, Xu and colleagues [142] fabricated through a 
one-step hydrothermal synthesis method Ni–Cu bimetallic alloy nano
particles on reduced graphene oxide. Surprisingly, after running an 
optimization study on the molar ratio of Ni:Cu, the strongest sensitivity 
was associated with a 4:1 ratio, in contradiction with the results of Lin 

Fig. 9. Schematic illustration of the fabrication process of Cu–Ni/NF electrode. Reproduced from Ref. [138] with permission from Elsevier.  

Fig. 10. TEM images of core-shell Au@Ni nanoparticles (A) and Au@Ni/C samples (B); HRTEM image of a single Au@Ni nanoparticle on carbon substrate (C); the 
line scanning analysis of a single Au@Ni nanoparticle (D). Reproduced from Ref. [148], under CC BY 4.0. 
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et al. [140] and Ammara et al. [141]. In fact, a 1:1 ratio caused a 
decrease in the sensitivity compared to the bare metal surfaces. The 
difference in the optimum ratio between the studies is not trivial to 
explain, but may be due to the different synthetic methods being 
employed. Possibly, co-electrodeposition might cause the blocking of 
active sites of Cu at lower molar ratios, compared to hydrothermal 
methods. 

Bimetallic nanostructured systems composed of Ni and a noble metal 
are a promising solution to the current limitations of pure noble metal 
electrodes for glucose sensing: namely, the sensitivity to chlorides, 
which impairs their long term stability [16], and their high cost. 
Moreover, the addition of a second metal can modulate the catalytic 
activity and facilitate the reactant adsorption and product desorption, as 
implied above. 

Simultaneously, integrating a noble metal to a Ni electrode produces 
two main beneficial effects. First, it allows to extend the sensors’ range 
of activity to neutral pH. This is because noble metals (such as Pt, Au) 
are able to directly electrooxidize glucose without the need for a high 
concentration of solution hydroxyls in the initial rate-limiting step of C1 
dehydrogenation [43,143]. Secondly, it causes an increase in the elec
trical conductivity to the bare Ni electrode. In particular, many authors 
[144–147], have explored the combination of Au and Ni for electro
chemical glucose sensors, noting the presence of synergistic interactions 
between the two metals. 

As an example, the group of Yang synthesized spherical Au@Ni 
nanoparticles with a core-shell structure through a seed-mediated 
growth in oleylamine [148]. The core shell structure of the nano
particles can be clearly appreciated in the TEM image shown in Fig. 10c. 
The oxidation of glucose on core-shell Au@Ni nanostructures was noted 
to be analogous to that of a pure Au particle. A similar observation was 
also done by Guo et al. [149] with a 4 nm electrodeposited Ni(OH)2 
layer on nanoporous Au. The fabricated core-shell nanostructures were 
able to shield the active sites on the particle surface from Cl− and in
termediates adsorption. At the same time the formed Ni layer allowed 
the formation of metal-OH sites, similarly to the Au–OH sites at more 
negative potentials. In this way it was possible to avoid the oxidation of 
other interfering substances present in the electrolytic solution. 

With the use of electrodeposition, Zhou et al. [150] constructed a 
NiPt nanosheet array on carbon paper and concluded that the Pt:Ni ratio 
which gave the highest anodic peak in alkaline solution was 1:160. For 
higher amounts of Pt a decrease in current was observed, likely because 

the benefits in terms of improved electrical conductivity did not coun
terbalance the substitution of NiO(OH) centers with the less active 
PtOH. 

Other Ni-based bimetallic nanoparticles for glucose sensing include 
Ag-Ni [151] for which the Ag:Ni ratio giving the strongest activity was 
observed to be 1:4. 

In the future, Ni-noble metal systems might play a larger role in the 
field of continuous non enzymatic glucose monitoring devices. However 
most of the literature still performs the amperometric calibration in 
highly alkaline conditions, which is far from those of clinical applica
tions requiring continuous glucose monitoring [105]. Therefore, a 
calibration in phosphate buffer solution at neutral pH should be the 
end-goal. 

Table 4 summarizes the sensing characteristics of enzyme-free 
glucose sensors using bimetallic nickel-based nanomaterials. 

7. Nickel MOF 

Metal organic frameworks (MOFs), have emerged as a new class of 
materials that combine unique properties such as microporosity, high 
apparent surface areas, and exceptional thermal and chemical stability 
[152]. For all these reasons MOFs are highly attractive as potential 
materials for the development of sensors. However, their low electrical 
conductivity and instability in the aqueous media has limited their ap
plications for electrochemical sensing [153,154]. However, enthralling 
opportunities are provided by the relatively novel field of conductive 
MOFs, which are characterized by highly conjugated and delocalized 
π-bond in the ligand. Such a structure facilitates electron transport and 
greatly enhances its electrical conductivity with high sensing capability 
[155]. 

In a recent work, Zeraati and colleagues synthesized a Ni-MOF with 
an ultrasonic assisted reverse micelle synthetic route, with a sensitivity 
of 2859.95 μA mM− 1 cm− 2 and a LOD of 0.76 μM [156]. Using a facile 
one pot solution process Xiao et al. [157] demonstrated that the Ni-MOF 
nanobelt morphology is favorable to glucose oxidation, in particular due 
to its reduced thickness which maximizes the surface area. 

An interesting avenue, proposed by Wang et al. [158], consists in the 
combination of a hierarchical flower-like Ni-MOF with single walled 
carbon nanotubes (SWCNT) used to enhance the electrical conductivity. 
The authors noted that the addition of the SWCNT not only led to an 
increase in faradaic current density but also led to a decrease in the 
peak-to-peak distance for the Ni(II)/Ni(III) couple suggesting an 
improvement also in the electrochemical reversibility. Analogously, 
Zhang et al. [159] achieved an extremely high sensitivity of 13850 μA 
mM− 1 cm− 2 by combining a Ni-MOF with carbon nanotubes. An even 
greater sensitivity of 21 744 μA mM− 1 cm− 2 was reported by Qiao et al. 
[160] for a Ni-MOF synthesized via solvothermal methods on carbon 
cloth. 

With an exciting approach, Xue et al. [161] fabricated a 2D 
Ni@Cu-MOF by simple room temperature stirring. After performing 
electrochemical impedance spectroscopy analysis, the researchers 
concluded that the addition of Ni to the Cu-MOF caused an overall 
decrease in electrical resistivity. The as obtained sensor showed a 
sensitivity of 1703 μA mM− 1 cm− 2 and a LOD of 1.67 μM in 0.1 M NaOH. 
In an comparable study, Kim et al. [162] developed a Ni@Cu MOF 
though a two-step hydrothermal method. 

Bimetallic MOF based on Co have also been synthesized with 
different morphologies and supports [163,164], due to the notable 
performance afforded by the synergistic interactions between the two 
metals. 

As an example, in the solution proposed by Xu et al. [165], a 
nanorod-like bimetallic Ni/Co MOF was grown on a carbon cloth sup
port. The sensor boasted a high sensitivity of 3250 μA mM− 1 cm− 2 and a 
low LOD of 0.1 μM. The authors attributed the notable performance to 
the Ni/Co synergy and to the high surface area of the open framework 
structure. Cao and colleagues [166] investigated the effect of the 

Table 4 
Comparison table for electrochemical non-enzymatic glucose sensors based on 
bimetallic nickel-based nanomaterials.  

Electrode Electrolytic 
solution 

Linear 
range (μM) 

LOD 
(μM) 

Sensitivity 
(μA mM− 1 

cm− 2) 

Ref. 

Cu–Ni/NF 0.1 M NaOH 1–600 2 11340 [138] 
PANI@CuNi 0.1 M NaOH 100–5600 0.2 1030 [139] 
Ni–Cu/ 

MWCNT/ 
ITO 

0.1 M NaOH 0.02–800 
2000–8000 

0.025 2633 
2437 

[140] 

Ni–Cu/CNT/ 
FTO 

0.1 M NaOH 20–4500 2 1836 [141] 

Ni–Cu/rGO 0.1 M NaOH 0.01–30 0.005 1754 [142] 
Au@Ni 0.1 M NaOH 100–10000 15 23 [148] 
Ni–Au@FTO 0.1 M NaOH 5–3500 

3500–7000 
0.7 893 

554 
[144] 

Ni–Au/Cpap 0.1 M NaOH 1–3000 0.2 4035 [145] 
Ni–Au NW/ 

ITO 
0.2 M NaOH 0.25–2000 

2000–5500 
0.1 3372 

1906 
[146] 

Au–Ni/BDD 1 M NaOH 20–2000 
2000–9000 

2.6 157 
61 

[147] 

Ni–Pt NS/ 
Cpap 

0.1 M NaOH 1–10800 0.4 2225 [150] 

Ag–Ni/GCE 0.1 M NaOH 1–10 
20–107 

0.49 – [151]  
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integration of Ag nanoparticles in a matrix of Ni-MOF nanosheets. 
Compared to other systems in the literature, their sensor displayed a 
lower sensitivity (160 μA mM− 1 cm− 2). 

A fascinating proposal by Lu et al. [167] consists in the use of 
core-shell MOF@MOF by internal extended growth of a shell of Ni-MOF 
on a core UiO-67. A schematic of the novel synthetic process is presented 
in Fig. 11. The researchers compared the electrochemical response of the 
composite with that of Ni-MOF and noted a decrease in the peak-to-peak 
distance and an increase in the glucose oxidation peak. This was 
attributed to the excellent electrical conductivity of UiO-67, which in 
turn improved the electron transfer rate constant. 

Table 5 provides a summary of the sensing performance of nickel 
MOF-based sensors. 

8. Conclusions 

Ni-based materials are attracting the attention of the scientific 
community for their outstanding performance towards glucose electro
oxidation. Ni selenides, sulfides and nitrates are only recently being 

studied and have already shown promising results due to their strong 
redox capabilities and good electrical conductivity. The combination 
with a conductive carbonaceous matrix to form composite electrodes is a 
common solution to achieve a stronger electrocatalytic response due to 
an improved charge transfer constant. As a general rule, the highest 
sensitivity values for electrodes based on Ni-based compounds are ob
tained when the catalyst is grown directly on a Ni foam, instead of being 
drop cast and/or fixed on the surface with a binder. 

A promising avenue is the use of bimetallic nanosystems where Ni is 
a component (e.g., Cu/Ni, Co/Ni, Ag/Ni, Au/Ni and Pt/Ni) due to their 
superior activity, biocompatibility and fouling/poisoning resistance. 

Conductive MOF with Ni centers results in strong current responses 
thanks to their open pore structure combined with the oxidative power 
of Ni(III). The integration of Ni-MOF with nano-carbon based materials 
significantly improves the electrical conductivity and the combination 
with Cu and Co engenders synergistic interactions. 

Fig. 11. Schematic illustration of the synthesis of core-shell UiO-67@Ni-MOF composites by internal extended growth under polyvinylpyrrolidone regulation and 
non-enzymatic sensing of glucose by UiO-67@Ni-MOF-modified electrode. Reproduced from Ref. [167] with permission from Elsevier. 

Table 5 
Comparison table for nickel MOF-based electrochemical non-enzymatic glucose sensors.  

Electrode Solution Linear range (μM) LOD (μM) Sensitivity (μA mM− 1 cm− 2) Ref. 

Ni-MOF 0.1 M NaOH 1–1600 0.76 2860 [156] 
Ni-MOF 0.1 M NaOH 1–500 0.66 21744 [160] 
Ni-MOF/GCE 0.1 M NaOH 25–3150 0.6 402 [168] 
Ni-MOF/CNT 0.1 M NaOH 20–4400 4.6 – [158] 
Ni@Cu-MOF 0.1 M NaOH 5–2500 1.67 1703 [161] 
Ni@Cu-MOF 0.1 M NaOH 0–5000 0.4 496 [162] 
Ni@Cu-MOF 0.1 M NaOH 20–4930 15 1832 [169] 
Ni@Co-MOF 0.1 M NaOH 0.3–2312 0.1 3250 [165] 
Ni@Co-MOF 0.1 M KOH 1–3800 0.3 2800 [163] 
Ag/Ni-MOF 0.1 M NaOH 5–500 5 160 [166] 
Ni-MOF/CNT 0.2 M NaOH 1–1600 0.82 13850 [159] 
Ni-MOF NB 0.1 M NaOH 1–500 0.25 1542 [157] 
Ni-MOF@UiO67 0.1 M NaOH 5–3900 0.98 – [167]  
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