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Abstract

:

Nanocrystalline nickel manganite (NiMn2O4) powder with a pure cubic spinel phase structure was synthesized via sol-gel combustion and characterized with XRD, FT-IR, XPS and SEM. The powder was mixed with sodium alginate gel to form a nano-biocomposite gel, dried at room temperature to form a thick film and characterized with FT-IR and SEM. DC resistance and AC impedance of sensor test structures obtained by drop casting the nano-biocomposite gel onto test interdigitated PdAg electrodes on an alumina substrate were measured in the temperature range of 20–50 °C at a constant relative humidity (RH) of 50% and at room temperature (25 °C) in the RH range of 40–90%. The material constant obtained from the measured decrease in resistance with temperature was determined to be 4523 K, while the temperature sensitivity at room temperature (25 °C) was −5.09%/K. Analysis of the complex impedance plots showed a dominant influence of grains. The decrease in complex impedance with increase in temperature confirmed the negative temperature coefficient effect. The grain resistance and grain relaxation frequency were determined using an equivalent circuit. The activation energy for conduction was determined as 0.45 eV from the temperature dependence of the grain resistance according to the small polaron hopping model, while the activation energy for relaxation was 0.43 eV determined from the Arrhenius dependence of the grain relaxation frequency on temperature.
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1. Introduction


Temperature monitoring is necessary in a wide range of applications, such as the biomedical, domestic and industrial sectors. Negative temperature coefficient (NTC) ceramic thermistors are the traditional industrial standard for temperature sensing, due to their high sensitivity (generally between −2%/K and −6%/K at room temperature of 25 °C), low cost, abundance and excellent stability [1]. Different oxides have been applied and investigated as NTC thermistor materials, but the focus remains on cubic spinels with the molecular formula AB2O4. In a normal spinel structure the tetrahedral (A) site is occupied by the divalent ion, and the octahedral (B) site is occupied by the trivalent ion [1,2]. NiMn2O4 is one the most studied materials for NTC thermistor applications and still remains the focus of current research [2,3,4]. It has a mixed cubic spinel structure where A (Ni2+) and B (Mn3+, Mn4+) cations can occupy both tetrahedral and octahedral sites. Thermally activated polaron hopping between Mn3+ and Mn4+ cations at octahedral sites is responsible for conduction in NiMn2O4 [5], though recent research has shown that the thermal properties of nickel manganite can be also modified by tuning cations on the tetrahedral sites [2]. NTC thermistors with high stability and low room temperature resistivity have been achieved, and shown to depend on the synthesis and processing methods [6,7,8] and composition (improved with cation substitution) [8,9,10]. This makes nickel manganite a tunable and versatile NTC thermistor material for temperature sensing, especially when high sensitivity is needed.



Prospective applications for temperature sensing include artificial/electronic skin and soft robotics [11,12], or wearable sensors for remote health and environment monitoring [13,14]. The temperature of the human body is one factor that can reflect overall health [15] and is one of the significant parameters monitored during the current COVID-19 pandemic [16]. There is a growing interest in flexible devices, including temperature sensors, and much research has been devoted to this subject [17]. There are several types of flexible temperature sensors, including resistance temperature sensors, thermocouples and thermistors. Thermistors are most often applied when small changes in temperature need to be detected. Sensing materials used in flexible temperature sensing include carbon, metals and metal oxides, polymers and organic materials [15]. Much research has focused on printed temperature sensors [11,18], as these are simple to produce, easily reproducible and can be scaled up to large areas. Other techniques for the development of flexible temperature sensors include textile-based techniques and coating and deposition techniques [17]. Coating and deposition is used to obtain thin or thick layers of the sensing nanomaterial on a flexible substrate and includes spray coating, spin coating, dip coating, drop casting and doctor blading techniques. One of the requirements for artificial skin or epidermal sensors is high temperature sensitivity, in order to be able to capture relatively small temperature changes at approximately room temperature [12]. One of the advantages of using NTC thermistor oxides in flexible temperature sensing, especially human body temperature sensing, is their low cost and simple structure combined with high temperature sensitivity [12]. One of the current challenges is to develop temperature sensors that can combine the reliable performance of NTC thermistors with a flexible substrate and viable insulating polymer binder [11]. The thermistor oxide particles define the electrical properties, while the polymer binder defines the environment and mechanical stability [11]. In contact with the environment, especially humidity, the polymer often swells and loses stability. Another issue is poor adhesion to the chosen substrate. Wearable temperature sensors for monitoring the human body temperature can also be designed as a mixture of conductive materials and temperature sensitive polymers in the form of conductive polymer composites [12,19], such as a Ni microparticle-filled binary polymer composite [20].



One of the trends in wearable electronics is the development of biodegradable components in order to reduce environmental pollution and improve biocompatibility. The motivation for this work was to analyze the possibility of using a biodegradable polymer as a polymer binder in combination with a NTC thermistor oxide as a potential temperature sensing material to be applied by the simple technique of drop casting. Sodium alginate was chosen as it is a natural polymer of the polysaccharide family [21]. In its natural form alginate has low stability, high porosity and rapid degradation, so it is commonly enhanced with nanoparticles [22], forming nano-biocomposites in the form of hydrogels, films and fibers for biomedical applications [23,24] or biodegradable food packaging [25]. Though there is no research to our knowledge on using sodium alginate gel for temperature sensing, it has been analyzed as a nano-biocomposite in combination with copper oxide for amperometric glucose biosensing [26]. In this case alginate gel was used as the immobilization matrix, while nanoparticles provided stability to the film as fillers and introduced new properties to the hydrogel, such as excellent electrical properties, chemical passivity and thermal stability. Nickel manganite was selected as the NTC thermistor component in the composite, as it has high temperature sensitivity. The sol-gel combustion method was selected for nickel manganite nanopowder synthesis as it is simple and can easily be scaled up for mass production of nanomaterials with desired morphologies, good reproducibility [27,28] and a single phase NiMn2O4 cubic spinel structure [29]. In this work, we performed initial investigation of combining nanocrystalline nickel manganite obtained using the sol-gel combustion method with sodium alginate gel to form a nano-biocomposite gel, applied by drop casting onto a flexible Kapton substrate to obtain a film at room temperature. Its suitability for application in temperature sensing was tested by drop casting the gel onto test interdigitated PdAg electrodes on an alumina substrate.




2. Materials and Methods


2.1. Materials


Nickel nitrate hexahydrate (Ni(NO3)2·6H2O), manganese nitrate tetrahydrate (Mn(NO3)2·4H2O), citric acid (C6H8O7), glycine (C2H5NO2) and deionized water were purchased from Sigma Aldrich (Darmstadt, Germany), while alginic acid sodium salt was purchased from Alfa Aesar (Thermo Fisher Scientific, Haverhill, MA, USA), calcium chloride (CaCl2) from Lach-ner Chemicals (Neratovice, Czech Republic) and glycerol (C3H8O3) from Galafarm (Belgrade, Serbia).




2.2. Preparation and Characterization of Nickel Manganite Powder


The sol-gel combustion synthesis method with glycine as fuel was used as the chosen synthesis method for obtaining pure cubic spinel phase nickel manganite nanoparticles. The metal nitrates were dissolved in distilled water at a molar ratio of 1:2 (Ni:Mn) with a few drops of citric acid added to the solution. Glycine was separately dissolved in distilled water. The mixture of both solutions was stirred in a magnetic mixer for 1 h at 60 °C and 2 h at 90 °C, resulting in a green gel. This gel was heated up on a hot plate leading to intense self-ignition of the gel and formation of porous black foamy ash. This powder was calcined at 800 °C in a chamber furnace. Structural characterization was performed using X-ray diffraction (Rigaku Ultima IV diffractometer, Tokyo, Japan) in the range of 10–90° and FT-IR spectrocopy (FT-IR Nicolet 6700 ATR, Thermo Fisher Scientifics, Waltham, MA, USA) in the range of 400–4000 cm−1 with a resolution of 4 cm−1. The elemental composition and chemical state of elements in the synthesized nickel manganite powder were determined by recording X-ray photoelectron spectra (XPS) on a PHI-TFA XPS spectrometer (Physical Electronics Inc., ULVAC-PHI, Chigasaki, Japan) equipped with an Al-monochromatic X-ray source. The analyzed area was 0.4 mm in diameter and the analyzed depth was approximately 3–5 nm. The accuracy of binding energies was about ±0.7 eV. A low energy electron gun was used for charge compensation, and the C 1 s spectrum was aligned to 284.8 eV due to surface contamination. XPS spectra were fitted with Gauss–Lorentz functions and the Shirley function was used for background removal. Powder morphology was observed via scanning electron microscopy (SEM) (TESCAN Electron Microscope VEGA TS 5130MM, Brno, Czech Republic).




2.3. Preparation and Characterization of Nickel Manganite-Alginate Nano-Biocomposite Films


Sodium alginate gel was produced by dissolving the alginic sodium salt in deionized water in a magnetic mixer for 6 h at room temperature and adding a calcium chloride cross-linking agent and glycerol at the end, followed by gentle mixing. Synthesized nickel manganite powder (0.1 g) was added to the gel (5 g) and mixed via ultrasonic dispersion for 5 min. The nano-biocomposite gel was drop casted onto a Kapton substrate and left to dry at room temperature for several days to form a film (Figure 1). The film structure was observed using FT-IR spectroscopy (Perkin Elmer Spectrum Two, USA) and the morphology using SEM (TESCAN Electron Microscope VEGA TS 5130MM, Brno, Czech Republic).




2.4. Temperature Sensing Experiment


Samples for DC resistance and AC impedance measurements were prepared by drop casting the prepared nano-biocomposite gel onto an alumina substrate with small test PdAg interdigitated electrodes (finger width 0.6 mm, finger spacing 0.3 mm as shown in Figure 1 and in more detail in [33,34]) and leaving it to dry and age at room temperature for several days. Measurement of the temperature dependence of DC resistance (NTC characteristic) and AC impedance was conducted on a HIOKI IM3536 LCR meter in a JEIO TECH TH-KE 025 temperature and humidity climatic chamber in the temperature range of 20–50 °C (step 5 °C) with relative humidity (RH) maintained at RH 50%. AC impedance was measured in the frequency range 8 Hz–1 MHz, with the voltage set to 1 V. In order to monitor the influence of changes in relative humidity on the DC resistance and AC impedance, measurements were also performed at a constant temperature of 25 °C with the RH varying from 40–90%, as well as in the frequency range of 8 Hz–1 MHz with the voltage set to 1 V.





3. Results and Discussion


3.1. Structure and Morphology of NiMn2O4 Powder


Measured XRD patterns of NiMn2O4 powder after combustion and calcination at 800 °C are shown in Figure 2. The black ash created by sol-gel combustion was amorphous, with small peaks indicating the start of the formation of nickel manganite noticeable at (311), (220), (400) and (440). Calcination resulted in pure-phase, sharp, well-defined and high-intensity peaks that can be attributed to the   F d  3 ¯  m   cubic spinel structure according to ICCD/JCPDS card 71-0852 [35].



Measured FT-IR spectra are shown in Figure 3. After combustion there were almost no organic compounds present in the powder except for a small incline representing a combination of residual vibrations in the nitrate groups from the manganese and nickel nitrate precursors, expected at 1620 and 1380 cm−1, and the stretching band of the carboxylate anion (COO−), expected in the range of 1650–1550 cm−1 [36,37]. A small peak at approximately 590 cm−1 shows the start of NiMn2O4 formation in the form of metal oxygen bonds. After calcination, only vibration bands originating from tetrahedral and octahedral groups of Mn3+-O2− and Ni2+-O2− were noted at approximately 571, 500 and 406 cm−1 [35,38].



Photoelectron peaks corresponding to C, O, Mn and Ni were identified in the recorded survey XPS spectrum, as previously noted for spinel nickel manganite [36]. Oxidation states of elements were analyzed [39] and the recorded high energy resolution XPS spectra for Mn 2p and Ni 2p are shown in Figure 4. The Mn 2p spectra consisted of doublet Mn 2p3/2 and Mn 2p1/2 separated by 11.7 eV. This value of spin-orbit splitting was previously noted for spinel nickel manganite [40,41]. Mn 2p3/2 spectra were deconvoluted into three components: peak Mn-1 at 639.2 eV assigned to Mn2+, peak Mn-2 at 641.3 eV assigned to Mn3+ and peak Mn-3 at 643.5 eV assigned to either a satellite peak of Mn or to Mn4+. The relative portion of Mn-1 (Mn2+) peak inside the total Mn 2p3/2 peak was 9.8%. The presence of Mn in all three valences has also been previously noted for cubic spinel nickel manganite [41,42]. The Ni 2p3/2 spectra consisted of a peak Ni-1 at 854.5 eV, which may be assigned to Ni2+, and a peak Ni-2 at 856.6 eV, which may be assigned to the Ni3+ state. There were also peaks Ni-3 and Ni-4 at 860.1 eV and 862.2 eV, which are the Ni 2p3/2 satellite peaks. Both Ni2+ and Ni3+ states for Ni were also noted by Ray et al. [36].



Figure 5 shows the foamy ash-like amorphous powder obtained after combustion (a), while calcination at 800 °C created agglomerated 150–200 nm particles of nanocrystalline NiMn2O4 (b).




3.2. Structure and Morphology of NiMn2O4-Alginate Nano-Biocomposite


The FT-IR spectrum of the NiMn2O4-alginate nano-biocomposite film is shown in Figure 6a. The O–H stretching band can be noted at ≈3274 cm−1 in accordance with the literature [43,44,45]. The bands at ≈2920 cm−1 can be assigned to the CH anomer [43], while strong asymmetric COO− stretching vibrations can be noted at ≈1604 cm−1, accompanied by COO− symmetric stretching vibrations at ≈1410 cm−1 reflecting metal-carboxylate interactions [43,45]. The strong band at ≈1030 cm−1 is due to C–O stretching vibrations [43,45]. The bands between 800 and 1000 cm−1 may be due to mannuronic acid residues, C1–H deformation of mannuronic acid residues and CO stretching of uronic acids, which are part of the structure of alginic acid [43]. All these bands originated from the sodium alginate film. The bands in the region 400–600 cm−1 (560, 487 and 406) are vibration bands originating from tetrahedral and octahedral groups of Mn3+–O2− and Ni2+–O2− and are in accordance with the FT-IR spectrum of the NiMn2O4 powder analyzed above (Figure 3).



The nano-biocomposite film morphology is shown in Figure 6b, where we can see the alginate film containing NiMn2O4 particles in the form of small clusters. The film thickness was estimated to be on average 0.2 mm from several measurements of the film peeled off the Kapton substrate using a micrometer.




3.3. NTC Thermistor Properties


The measured electrical resistance of the NiMn2O4 nano-biocomposite film sample decreased with increases in temperature in the measured range of 20–50 °C, indicating a typical NTC behavior, and is shown as an inset in Figure 7. An Arrhenius equation commonly describes the reduction in DC resistance with temperature increase for a NTC material [1]:


  R =  R ∞   e  B / T      



(1)




where B represents the material constant (B-value) of the thermistor commonly estimated from the linear fit,    R ∞    is the resistance at infinite temperature and T is the temperature expressed in Kelvin. The relationship between lnR and the reciprocal value of T is shown in Figure 7, enabling linear fit of this dependence and estimation of the material constant value for the analyzed NiMn2O4 nano-biocomposite film to be 4523 K. In commercial NTC thermistors the B-value is generally between 2000 and 5000 K, though a high processing temperature is commonly required to obtain such values for thermistor ceramics [1]. The material constant value previously obtained for pure powder obtained by sol-gel combustion drop casting in a water suspension on the same test interdigitated electrodes was 4812 K [33]. Flexible substrates are not tolerant of the high temperatures commonly needed to obtain good NTC thermistor ceramics or thick films [12,18]. The use of flexible substrates requires a low processing temperature (up to ≈200 °C, depending on the substrate used). Thus, it is necessary to obtain good temperature sensitivity of the drop cast layer at low temperatures, as was obtained for the synthesized NiMn2O4 nanocrystalline powder. The measured resistance for the nano-biocomposite film was overall lower, on average by three orders of magnitude, than the values previously obtained for the powder (≈31 to 7 MΩ in the temperature range of 20–50 °C [33], also at RH 50%), ranging from ≈39 kΩ for 20 °C to ≈10 kΩ for 50 °C at a relative humidity (RH) of 50%, reflecting the influence of the alginate component, as shown in the inset in Figure 7. The material constant (B-value) estimated from the linear fit shown in Figure 7 as 4523 K was slightly lower than the value determined for the pure powder, but well within the range of commercial spinel based NTCR ceramics [1] and slightly higher than the value of 4379 K obtained for electrospun NiMn2O4 powder [46].



The temperature sensitivity at room temperature (25 °C) was determined to be −5.09%/K by differentiation of equation (1) into:


  α =  1 R    d R   d T   = −  B   T 2     



(2)







This value was slightly lower than for the pure powder obtained by sol-gel combustion (−5.4%/K [33]), slightly higher than for NiMn2O4 electrospun nanofibers (−4.95%/K [46]), comparable with commercial devices [1] and within the range previously determined for as-deposited and annealed NiMn2O4 thick films obtained by aerosol deposition [7,47].




3.4. Impedance Dependence on Frequency and Temperature at a Constant RH of 50%


The change in impedance of the NiMn2O4-alginate nano-biocomposite film with frequency in the temperature range of 20–50 °C is shown in Figure 8a. In the measured frequency range from 8 Hz to ≈100 kHz the impedance decreased very gradually and reduced in the same way with temperature, showing that impedance can be the monitored parameter for temperature sensing in a wide frequency range.



The complex impedance (R + jX) in the temperature range of 20–50 °C is shown in Figure 8b. The larger semicircle at higher frequency and partial arcs at lower frequencies reflect the grain, grain boundary and electrode effects [48,49]. The grain effect dominated with a noticeable semicircle. This has been previously noted for nano-grained Ni0.54Mn1.26Fe1.2O4 NTC thermistors [48]. The grain boundary and electrode effects were smaller, and are evident as part of an arc and spur in the lower frequency range. The radius of the grain effect semicircle decreased visibly with temperature, confirming the strong negative thermal coefficient effect.



An equivalent circuit was used to analyze the grain effect, composed of a parallel resistance and Constant Phase Element (CPE) element. The CPE element is used in the case of non-ideal Debye behavior due to inhomogeneity [49,50] when the semicircle is depressed with a center below the x-axis. This type of inhomogeneity is expected in a composite. The impedance of a CPE element can be defined as [49]:


ZCPE = 1/(jω)n·Q



(3)




where n is the critical CPE exponent whose value is between 0 and 1, ω is the angular frequency and Q is the CPE parameter with the numerical value of admittance 1/|Z| at ω = 1 rad/s. EIS Spectrum Analyzer Software [51] was used to fit the experimental data to the equivalent circuit. The real value of grain capacitance in the case of an equivalent circuit composed of a parallel resistance and CPE element is calculated from the values determined for Qg and Rg as [50]:


Cg,CPE = (Qg·Rg−(n−1))1/n



(4)







The determined values for the critical exponent (ng) were similar in the analyzed temperature range (20–50 °C). They varied between 0.959 and 0.975 with an average value of 0.965, similar to values determined by Ryu et al. for NiMn2O4 thin films [47]. The calculated capacity using Equation (4) was between 38.4 and 39.5 with an average value of 39 pF. This falls within the range predicted for grain capacity (10−10–10−12 F) [48]. The determined grain resistance (Rg) decreased with increase in temperature (T) and following Arrhenius dependence in accordance with the adiabatic small polaron hopping model [49]:


Rg/T = A0·exp (Eg,a/kT)



(5)




where A0 is a constant, k is the Boltsmann constant and Eg,a is the activation energy determined as shown in Figure 9a to be 0.45 eV. This value is in accordance with the values determined by Zhang et al. for nano-grained Ni0.54Mn1.26Fe1.2O4 NTC thermistors [48].



The grain relaxation frequency (fg) shifted with temperature to higher values (Figure 9b), also following the Arrhenius dependence [52]:


fg = A0·exp (Ef,a/kT)



(6)




where A0 is a constant, k is the Boltsmann constant and Ef,a is the activation energy determined, as shown in Figure 9a, to be 0.43 eV. At the same time, the relaxation time (reciprocal value of frequency) decreased, indicating the occurrence of electrical relaxation and thermally activated conduction in grains [49].




3.5. Influence of Change in RH 40–90% on Impedance at a Constant Temperature of 25 °C


Increases in relative humidity in the range of 40–90% at a constant temperature of 25 °C were accompanied by a rapid decrease in both measured DC resistance (Figure 10a) and complex impedance (Figure 10b). The resistance decreased with increase in relative humidity from ≈104 kΩ at RH 40% to ≈0.6 kΩ at RH 90%. NiMn2O4 has previously been shown to be a potential humidity-sensing material [46,53]. The time delay between adsorption (condensation) and desorption (evaporation) was low (1.5%) with the curves almost overlapping, as shown in Figure 10a, indicating that the sensing material displayed a good hysteresis curve [34]. Analysis of the shape of the complex impedance curve with increase in RH (Figure 10b) shows that alongside the reduction in semicircle radius, its shape also changed, reflecting the influence of an increased number of water molecules on the porous nano-biocomposite surface and a change in the process mechanism. In the lower humidity range (40–60%) the grain effect was dominant, with this semicircle gradually decreasing and becoming less dominant as the RH increased. For lower RH water molecules were first only chemisorbed on the surface, followed by physisorption, and with further increase in RH forming multiple physisorbed layers, resulting in proton hopping between water molecules [46], reduced resistance and impedance values and, in this case, increased dominance of the grain boundary and electrode effects. Increased capacitive behavior at the interface between the electrode and sensor material at high RH is due to diffusion and polarization of charged species [53].





4. Conclusions


In summary, a nickel manganite-alginate nano-biocomposite film with an average thickness of 0.2 mm was prepared by drop casting nanocrystalline nickel manganite synthesized via sol-gel combustion mixed with alginate gel onto a Kapton substrate. The obtained film was stable and flexible. Its capacity as a temperature sensing material was tested on an alumina substrate with small PdAg interdigitated electrodes. The material constant was determined to be 4523 K in the temperature range of 20–50 °C, while the temperature sensitivity at room temperature was −5.09%/K. Grains dominated the change in impedance and negative temperature effect. The activation energies for conduction and relaxation, determined from the evaluated grain resistance and relaxation frequency, were 0.45 and 0.43 eV respectively, and followed the small polaron hopping model. Increase in relative humidity at a constant temperature reduced resistance and impedance. Future research will focus on drop casting the nickel manganite-alginate nano-biocomposite gel on different flexible substrates in order to test for a wide range of applications.
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Figure 1. Nickel manganite (NiMn2O4)-sodium alginate nano-biocomposite film image (upper right); test interdigitated electrodes with and without film (lower right); crystal structure of NiMn2O4 drawn using VESTA [30] (center); sodium alginate 2D and 3D structure images [31,32] (left). 
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Figure 2. X-ray diffraction patterns of NiMn2O4 powder after combustion (a) and calcination (b), peaks marked according to JCPDS card 71-0852. 
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Figure 3. FT-IR spectra of NiMn2O4 powder after combustion (a) and calcination (b). 
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Figure 4. XPS spectra of NiMn2O4 powder Mn 2p (a) and Ni 2p (b). 
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Figure 5. SEM images of NiMn2O4 powder after combustion (a) and calcination (b). 
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Figure 6. FT-IR spectrum (a) and SEM image (b) of NiMn2O4-alginate film. 
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Figure 7. Fitting of the material constant (B) from the measured DC electrical resistance of NiMn2O4-alginate nano-biocomposite film shown in the inset using Equation (1). 
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Figure 8. Impedance dependence on frequency at RH 50% (a) and complex impedance (b) measured in the temperature range of 20–50 °C; inset in (b) shows the applied equivalent circuit. 






Figure 8. Impedance dependence on frequency at RH 50% (a) and complex impedance (b) measured in the temperature range of 20–50 °C; inset in (b) shows the applied equivalent circuit.



[image: Chemosensors 09 00241 g008]







[image: Chemosensors 09 00241 g009 550] 





Figure 9. Temperature dependence of grain resistance (Rg) and grain relaxation frequency (fg) (a) and frequency dependence of imaginary part of impedance (b) of NiMn2O4-alginate nano-biocomposite thick film. 
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Figure 10. Adsorption and desorption curves obtained at 25 °C in the RH range 40–90% (a) and influence of change in RH on complex impedance (b). 
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