A limiting current sensor based on porous Ni electrode for ferricyanide and ferrocyanide detection in aqueous solutions
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Abstract
The pursuit of better electrochemical sensors highlights the requirements for new sensor designs and electrode materials. The concept of ‘limiting current sensor’ has been validated but confined in gas detection. Herein, we applied the concept of ‘limiting current sensor’ to ions detection in aqueous solutions. A limiting current sensor prototype has been developed for the detection of two potentially hazardous ions, ferricyanide and ferrocyanide, which are widely used in nuclear wastewater treatment, food production and energy generation. The limiting current sensor consists of a three-electrode electrochemical cell equipped with a porous Ni working electrode and a pumping system. The pumping system forces the solution containing ferricyanide/ferrocyanide to flow through the porous Ni electrode, markedly increasing the mass transfer rate. The enhanced mass transfer rate, together with the high surface area of the porous Ni working electrode, increases the reaction rate and in turn improves the detection performance. The limiting current sensor shows two orders of magnitude higher sensitivity and one order of magnitude lower limit of detection than previously reported sensors and exhibits excellent thermal stability, long-term stability and selectivity. The limiting current sensor design can be extended to the detection of other ions or molecules. 
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1. Introduction
Electrochemical sensors have been widely used for detection of ions or molecules in aqueous solutions due to many unique advantages, such as simplicity, cost-effectiveness, high sensitivity, easy of miniaturization, reliability, and reproducibility [1, 2]. The detection performance of electrochemical sensors is heavily influenced by electrode material and sensor design. The recent development of electrode materials, e.g. various nanostructured metals, oxides, graphene and organic materials [3-5], greatly advances the detection performance of electrochemical sensors. These electrodes normally have high surface area and electrical conductivity, which are beneficial for increasing reaction rates and in turn detection performance, e.g. sensitivity and limit of detection (LOD). Moreover, many efforts have been made in optimising the design or adopting different electrochemical techniques, e.g. potentiostatic techniques, galvanostatic techniques, potentiometery, impedance measurement and electrochemiluminescence [6, 7], to achieve better detection performance.
[bookmark: OLE_LINK1]‘Limiting current sensor’ is an established concept which has been extensively used for oxygen detection [8-10]. A typical limiting current oxygen sensor consists of a diffusion barrier, solid electrolyte (normally yttria-stabilized zirconia, YSZ) between two porous Pt electrodes. An external circuit is connected to the two Pt electrodes to apply voltage [11]. Heaters are employed to maintain a high working temperature. Under the working condition, the gas sample containing oxygen diffuses through the diffusion barrier and reduces to oxygen ions on one Pt electrode. The oxygen ion can transport through the YSZ solid electrolyte and then oxidise to gaseous oxygen on the other Pt electrode. In a specific applied potential range, the reaction current is constant and limited by the diffusion rate of oxygen, known as limiting current. The limiting current is proportional to the oxygen concentration and therefore can be used as a signal for oxygen detection. The concept of ‘limiting current sensor’ is merely used in gas detection and has not been used for detection of ions in aqueous solutions. 
Ferricyanide, Fe(CN)63-, is a commonly used ion in cyanotype photographing and blueprint drawing [12]. Ferrocyanide, Fe(CN)64-, serves as an anticaking agent in salt production as well as a precipitant for the removal of radio-cesium from nuclear waste solutions [13, 14]. The redox system between ferricyanide and ferrocyanide has also been proposed to be used in redox flow batteries [15]. Ferricyanide and ferrocyanide are potentially hazardous to the human body because both ferricyanide and ferrocyanide can release highly toxic gaseous cyanide at high temperatures or with the addition of acids [16]. Therefore, it is necessary to precisely monitor the level of ferricyanide and ferrocyanide. 
Conventional electrochemical sensors are normally made by three-electrode electrochemical cells, which measure the concentration of ferricyanide/ferrocyanide in stationary aqueous electrolytes [17-19]. Analytes diffuse towards and oxidise/reduce on the surface of a working electrode, generating an anodic/cathodic peak current. The concentration of analytes can be calculated from the peak current based on the proportional correlation between peak current and concentration of analytes. Spectroelectrochemical sensor is an alternative for ferricyanide/ferrocyanide detection. Analytes oxidise or reduce on the surface of an optically transparent electrode. An incident beam passes through the transparent electrode during the reaction and the transmitted beam is monitored. The change between the incident and transmitted beams directly results from the disappearance of analytes or appearance of reaction products [20-23]. The concentration of ferricyanide and ferrocyanide can therefore be determined by the light absorbance of the transparent electrode. Nevertheless, the complex configuration is a major limitation for the spectroelectrochemical sensor. Besides, neither conventional electrochemical sensors nor spectroelectrochemical sensors can provide satisfying performance. For example, the highest amperometric sensitivity is 0.02 mA/mM from conventional electrochemical sensors [24] and the lowest achievable LOD is 8 μm from spectroelectrochemical sensors [21]. This highlights the need for the development of better sensors. 
[bookmark: OLE_LINK16]In this paper, we develop a limiting current sensor for detection of ferricyanide and ferrocyanide ions. To the best of our knowledge, this is the first attempt to apply the limiting current concept for ion detection in aqueous solutions. The limiting current sensor consists of a three-electrode electrochemical cell and a pumping system. The working electrode is a porous Ni manufactured by a powder metallurgy method with high fluid permeability and surface area [25]. The limiting current sensor exhibits detection sensitivities two orders of magnitude higher and LODs one order of magnitude lower than previously reported sensors. We also compare the limiting current sensor with a typical conventional electrochemical sensor using the same porous Ni working electrode. The effect of fluid flow rate on the sensing performance is investigated. The thermal stability, long-term stability and selectivity of the limiting current sensor are tested. This work not only develops a limiting current sensor prototype for sensing ferricyanide and ferrocyanide, but also provides a novel design route for electrochemical sensors for other ions and molecules.
2. Methods
2.1 Preparation of porous Ni 
A porous Ni sample with a porosity of 0.7 and a pore size of 425 – 710 μm was manufactured by the Lost Carbonate Sintering (LCS) process [25]. Pure Ni powder with a mean particle size of 45 μm was first mixed with rounded K2CO3 particles with a size range of 425 – 710 μm, at a volume ratio of 3:7. The mixture was compacted at a pressure of 200 MPa and sintered at 950°C for 2 hours. The Ni particles were sintered together and K2CO3 particles were removed by decomposition during sintering. The obtained sample was subsequently cut into a cylindrical shape with a diameter of 6 mm and a height of 5 mm. The porous nickel sample was washed by 10% HCl solution to remove oxides on the surface and then rinsed in distilled water before use. 
2.2 Fluid permeability measurement
The fluid permeability of the porous sample was measured in a purpose-built apparatus, as detailed in [26]. The fluid permeability, K (m2), of the porous sample was determined using the Forchheimer equation [27]:
	
	
	(1)


where  is the difference between the inlet and outlet water pressures (Pa),  is the length of the porous sample (m),  is the viscosity of water (8.9 × 10−4 Pa s),  is the density of water (997 kg/m3) and  is the Darcian velocity (m/s), which is the volumetric flow rate divided by the cross-sectional area of the porous sample. 
2.3 Surface area measurement
The Brunauer–Emmett–Teller (BET) surface area measurement was conducted in a 3-Flex 3500 gas sorption analyser at 77K using the nitrogen adsorption method. The porous Ni sample was degassed at 300˚C under vacuum for 3 hours before the measurement. 
2.4 Electrochemical characterisation
Electrochemical characterisation of the LCS porous Ni was performed by a three-electrode electrochemical cell with a saturated calomel electrode (SCE) reference electrode, a platinum coil counter electrode in 0.1 M KOH electrolyte. Double layer capacitance test was conducted in a potential range of -0.3 – -0.2 V, at a scan rate of 0.5 V/s. Electrochemical impedance was tested from 100 kHz to 0.1 Hz.
2.5 Conventional electrochemical sensor 
[bookmark: _Hlk54006661]A conventional electrochemical sensor, consisting of a porous Ni working electrode, a SCE reference electrode and a platinum coil counter electrode, was built to measure the ferricyanide and ferrocyanide concentrations. 0.1 M KOH was used as the background electrolyte. The cyclic voltammetry technique was employed, with the applied potential starting from 0.4 V to -0.2 V and from -0.2 to 0.4 V for the determinations of ferricyanide and ferrocyanide concentrations, respectively, at four different scan rates of 0.005, 0.01, 0.05 and 0.1 V/s. The redox reaction between ferricyanide and ferrocyanide in the applied potential range is expressed by Eq. 2 [28].
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The anodic peak current at a potential around 0.25 V was used to determine the concentrations of ferricyanide and ferrocyanide. The detection sensitivity was determined as the change in the peak current divided by the change in concentration [29]. The limit of detection (LOD) was determined according to signal/noise=3 [30], for facilitating comparison with other sensors:
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where  is the residual standard deviation of the regression line and  is the slope of the regression line. 
2.6 Limiting current sensor
Fig. 1 shows a schematic diagram of the limiting current sensor. The sensor contains a pumping system and a three-electrode electrochemical cell. The pump is connected to the porous Ni sample using an acrylic tube. A solution containing ferricyanide/ferrocyanide was forced to pass through the porous Ni sample at different flow rates of 16.8, 42 and 84 mL/min. The three-electrode electrochemical cell, the same as that described in Section 2.5, was connected with the pumping system. 1 M Na2CO3 was used as the background electrolyte. The linear voltammetry technique was employed with a constant scan rate of 0.005 V/s. The applied potential ranges were 0.2 – 1.2 V and 0.2 – 0.8 V, for the determinations of ferricyanide and ferrocyanide concentrations, respectively. The limiting currents on the current plateaus (about -0.6 – -0.2 V for ferricyanide and 0.4 – 0.6 V for ferrocyanide) were used to determine the concentrations of ferricyanide and ferrocyanide. The measurement noise was significantly increased when the pumping system was introduced. The function ‘SG smooth’ in the software Autolab Nova 1.10 was used to automatically minimise the detection noise. The detection sensitivity and LOD were determined by the same procedures described in Section 2.5. 
[image: ]
Fig. 1 Schematic illustration of the limiting current sensor for the detection of ferricyanide and ferrocyanide; the bottom-left graph shows the macrograph of two porous Ni electrodes; the bottom-right graph illustrates the redox reaction between ferricyanide and ferrocyanide on the surface of the porous Ni electrode.
3. Results and discussion
3.1 Fluid permeability, surface area and electrochemical properties of porous Ni electrode
[bookmark: _Hlk68622697]Fig. 2a shows the porous structure of the LCS porous Ni sample at a low magnification. The pores are negative replicas of the K2CO3 particles and are interconnected with each other, making the porous Ni highly permeable. Fig. 2c shows the length-normalised pressure drop as a function of Darcian velocity of the LCS porous Ni. By fitting the plot to Eq. 1, the fluid permeability of the sample was determined as 1.50 x 10-10 m2, which agrees with recent work on the fluid permeability of porous metals manufactured by powered metallurgy based methods [31, 32]. High fluid permeability is a prerequisite for the porous Ni to be a successful electrode for limiting current sensors, as the solution is forced to flow through the working electrode during detection. The porous Ni sample is intact under the high pressure, up to 2 MPa/m, exerted by the flowing fluid during the test, indicating that the LCS porous Ni has a robust porous structure. 
Fig. 2b shows the microstructure of the LCS porous Ni at a higher magnification. The Ni particles are visible and are partially sintered together with numerous interstices between adjacent particles, providing a high surface area. Fig. 2d presents the nitrogen adsorption isotherm of the porous Ni sample. The BET surface area was calculated by the BET model using data in the relative pressure (P/P0) range of 0.05 – 0.3 [33], as shown in the inset of Fig. 2d. The gravimetric BET surface area of the porous Ni sample is 0.67 m2/g, which is more than 20 times higher than that of electrodeposited porous Ni [34]. The high surface area is beneficial for improving the reaction rate and in turn detection performance. It should be noted that both permeability and surface area of the LCS porous Ni vary markedly with porosity [35-37]. With increasing porosity, the volumetric BET surface area decreases but the permeability increases (Fig. S1). Besides, the mass transfer coefficient also decreases with increasing porosity [38]. Given that the LCS process can produce porous metals with a wide porosity range from 0.5 to 0.85, a medium porosity of 0.7 was therefore chosed for a trade-off between the BET surface area, permeability and mass transfer properties.
Figs. 2e and 2f also show that the LCS porous Ni sample has a gravimetric double layer capacitance around 10 mF/g and a charge transfer resistance of about 7 Ω. Both the double layer capacitance and charge transfer resistance of the LCS porous Ni sample are stable in 100 cycles. 
In all, the high fluid permeability, robust structure, high surface area and good electrochemical properties make the LCS porous Ni an ideal electrode in the limiting current sensor.

[image: ]
Fig. 2 SEM images of the porous Ni electrode taken at low (a) and high (b) magnifications; fluid permeability (c), BET surface area (d), double layer capacitance (e) and electrochemical impedance (f) measurements of the LCS porous Ni. 
3.2 Conventional electrochemical sensor
Fig. 3 shows the characteristics of the conventional electrochemical sensor in the detection of ferricyanide and ferrocyanide. Figs. 3a and 3b show the voltammograms of ferricyanide and ferrocyanide, respectively, at different concentrations and atan identical scan rate of 0.01 V/s. When the concentration of ferricyanide or ferrocyanide is zero (grey), there is no current peak. As the concentration of ferricyanide or ferrocyanide increases from 0 to 0.1, 0.5 and further to 1 mM, anodic and cathodic peak currents can be clearly observed at a potential of about 0.25 and 0.2 V, respectively. The peak currents increase with increasing concentration. As the redox reaction between ferrocyanide and ferrocyanide is a quasi-reversible process [15, 39], the magnitude of the anodic peak current is very close to that of the cathodic peak current. The anodic peak current was used as the detection signal because it is easier to take readings from the anodic peak than from the cathodic peak. 
Figs. 3c and 3d show the relations between the anodic peak current and the ferricyanide or ferrocyanide concentration, respectively. The anodic peak current increases linearly with the concentration in the range of 0.1 – 10 mM. Concentrations higher than 10 mM lead to high peak currents and serious solution IR drops, resulting in serious distortions in the voltammograms (Fig. S2). The detection sensitivity is equal to the slope of the fitted lines. The detection sensitivities for ferricyanide and ferrocyanide at scan rates of 0.005, 0.01, 0.05, 0.1 V/s are 0.33 and 0.30, 0.48 and 0.45, 1.09 and 1.01, 1.47 and 1.36 mA/mL, respectively. 
Figs. 3e and 3f show that the sensitivity is proportional to the square root of scan rate, confirming that the redox reaction between ferricyanide and ferrocyanide is diffusion-controlled [40]. This is because the peak current is proportional to the square root of scan rate at a fixed concentration, so does the sensitivity. It should be noted that the sensitivity for ferricyanide detection is slightly higher than for ferrocyanide detection. This is probably because ferricyanide has a higher diffusion coefficient than ferrocyanide [41]. 
The LOD of the conventional electrochemical sensor is influenced by the detection range and scan rate. For the full range detection from 0.1 to 10 mM, the LODs for ferricyanide and ferrocyanide are 0.23 and 0.25 mM (0.005 V/s), 0.36 and 0.42 mM (0.01 V/s), 0.61 and 0.28 mM (0.05 V/s), 0.65 and 0.25 mM (0.1 V/s), respectively. If we narrow the detection range to 0.1 – 1 mM, the LODs are reduced to 0.08 and 0.10 mM (0.005 V/s), 0.08 and 0.06 mM (0.01 V/s), 0.10 and 0.07 mM (0.05 V/s), 0.10 and 0.09 mM (0.1 V/s) (see Figs. S3 and S4). It is worth mentioning that the detection sensitivities obtained in the small detection range of 0.1 – 1 mM (Figs. S3b and S4b) are also slightly different from that obtained in the full detection range of 0.1 – 10 mM (Figs. 3e and 3f). In practical applications, different detection modes can be adopted in different detection ranges to achieve better accuracy. The LODs at different scan rates can be seen from Figs. 3e and 3f (as well as Figs. S3b and S4b). The effect of scan rate on the LOD is twofold. A high scan rate leads to a high peak current and therefore high detection sensitivity. On the one hand, increasing scan rate tends to lower LOD, because LOD is inversely proportional to detection sensitivity (Eq. 3). On the other hand, a high peak current obtained at a high scan rate can result in a large IR drop and serious distortion in the voltammogram, increasing ‘detection noise’ and in turn LOD. The overall effect of scan rate on the LOD, however, is not pronounced.
[image: ]
[bookmark: _Hlk54019067]Fig. 3 Voltammograms for the detection of ferricyanide (a) and ferrocyanide (b) obtained at a scan rate of 0.01 V/s; relations between peak current and ferricyanide (c) and ferrocyanide (d) concentration at different scan rates; detection sensitivity and LOD against the square root of scan rate for ferricyanide (e) and ferrocyanide (f).
3.3 Limiting current sensor
Fig. 4 shows the characteristics of the limiting current sensor in the detection of ferricyanide and ferrocyanide. Figs. 4a and 4b display the current-potential plots of ferricyanide and ferrocyanide, respectively, at different concentrations and at an identical flow rate of 16.8 mL/min. The limiting current is determined by the current plateau in the current-potential plot, which is controlled by the mass transfer rate of the analyte [42]. When there is no ferricyanide or ferrocyanide, the limiting current is about zero. As the concentration of ferricyanide or ferrocyanide increases, the limiting current moves negatively or positively, respectively. Figs. 4c and 4d show the relations between the limiting current and the concentration at three different flow rates of 16.8, 42 and 84 mL/min. The limiting current increases linearly with the concentration in the range from 0.005 to 1 mM. Concentrations higher than 1 mM result in high limiting currents and therefore serious distortion in the current-potential plots (see Fig. S5). The detection sensitivity of the limiting current sensor is determined by the slope of the fitted lines in Figs. 4c and 4d, following the same procedure as for the conventional electrochemical sensor. The sensitivities for the detection of ferricyanide and ferrocyanide at flow rates of 16.8, 42, 84 mL/min are 7.36 and 7.21, 13.79 and 12.48, 20.13 and 20.24 mA/mM, respectively. The sensitivity increases significantly with increasing flow rate. Figs. 4e and 4f plot the sensitivity against the mass transfer coefficient at different flow rates. The mass transfer coefficient of the LCS porous Ni was taken from our previously published work [38]. It can be seen that the detection sensitivities for ferricyanide and ferrocyanide are proportional to the mass transfer coefficient. The enhancement in sensitivity at a high flow rate can be attributed to the enhanced mass transfer rate.
The LOD of the limiting current sensor varies significantly with the detection range. In a wide concentration range from 0.003 to 1 mM, the LODs for ferricyanide and ferrocyanide at flow rates of 16.8, 42, 84 mL/min are 13.55 and 13.69 µM, 28.60 and 21.50 µM, 17.05 and 21.91 µM, respectively (Figs. 3e and 3f). When the concentration is confined in a small range of 0.003 – 0.01 mM, the corresponding LODs are as low as 0.86 and 0.51 µM, 0.85 and 0.39 µM, 0.78 and 0.56 µM, respectively (Fig. S6). Similar to the effects of scan rate, the flow rate (or mass transfer rate) has both positive and negative effects on the LOD. The overall effect is not pronounced (Figs. 4e and 4f, Fig. S6). 
[image: ]
Fig. 4 Current-potential plots of the limiting current sensor for the detection of ferricyanide (a) and ferrocyanide (b), at a flow rate of 16.8 mL/min; relations between limiting current and ferricyanide (c) or ferrocyanide (d) concentration at different flow rates; detection sensitivity and LOD against the mass transfer coefficient for ferricyanide (e) and ferrocyanide (f).




3.4 Enhanced performance of limiting current sensor
Table 1 compares the detection performance between the limiting current sensor and the conventional electrochemical sensor. The limiting current sensor has sensitivities in the ranges of 7.36 – 20.13 and 7.21 – 20.24 mA/mM and LODs in the ranges of 0.78 – 0.86 and 0.39 – 0.56 µM, for the detection of ferricyanide and ferrocyanide, respectively. The conventional electrochemical sensor has corresponding sensitivities in the ranges of 0.33 – 1.47 and 0.30 – 1.36 mA/mM and LODs in the ranges of 75.53 – 101.81 and 64.19 – 101.52 μM. Comparing the average values of these two sensors shows that the limiting current sensor exhibits more than 10 times higher sensitivities and 100 times lower LODs than the conventional electrochemical sensor.
The enhanced performance of the limiting current sensor can be attributed to the introduction of the pumping system, which increases mass transfer and consequently increases the electrochemical reaction rate, as both sensors use the same porous Ni working electrode and utilise the same redox reaction. For the conventional electrochemical sensor, the detection is conducted in a static state and the reaction rate is limited by the diffusion of the reactive species [43]. In contrast, the limiting current sensor detects ferricyanide and ferrocyanide in a dynamic state. The reaction rate is controlled by the mass transfer process which includes not only diffusion but also convection [38]. The porous structure causes turbulent flow as the solution passes through the porous electrode, especially at high flow rates [44], speeding up mass transfer markedly [38]. Therefore, the reaction rate and detection performance are greatly improved. Taking the reduction reaction of 1 mM ferricyanide as an example, the maximum peak current is around 3 mA (Fig. 3c) while the maximum limiting current is more than 20 mA (Fig. 4c), indicating that the convection is the dominant mode for mass transportation in the limiting current sensor. The introduction of the pumping system inevitably increases the detection noise of the sensor. However, the noise can be minimised by software. The residual standard deviation of the best-fit regression line between peak/limiting current and ion concentration, , can be regarded as an indicator of the noise. In the entire concentration ranges, the values of  for the conventional sensor (Figs. 3c and d) and the limiting current sensor (Figs. 4c and d) are in the ranges of 0.02 – 1.1 and 0.02 – 1.4, respectively, indicating very similar levels of noise. It confirms that the noise arisen from the pumping system was effectively removed by the software and should not affect the detection significantly.




Table 1. Detection performance of the limiting current sensor and the conventional electrochemical sensor
	Sensor
	Flow rate (mL/min)
	Scan rate (V/s)
	Sensitivity (mA/mM)
	LOD (µM)

	
	
	
	Ferri-
	Ferro-
	Ferri-
	Ferro-

	Limiting current sensor
	16.8
	0.005
	7.36
	7.21
	0.86
	0.51

	
	42
	0.005
	13.79
	12.48
	0.85
	0.39

	
	84
	0.005
	20.13
	20.24
	0.78
	0.56

	Conventional electrochemical sensor
	-
	0.005
	0.33
	0.30
	75.53
	101.52

	
	-
	0.01
	0.48
	0.45
	83.71
	64.19

	
	-
	0.05
	1.09
	1.01
	101.81
	66.47

	
	-
	0.1
	1.47
	1.36
	97.01
	92.76


Note: (1) Ferri- and Ferro- stand for Ferricyanide and Ferrocyanide, respectively. (2) The LODs of the limiting current sensor and the conventional electrochemical sensor are determined in the concentration ranges of 0.003 – 0.01 and 0.1 – 1 mM, respectively.
3.5 Thermal stability
Fig. 5 shows the variations of peak current and limiting current with ambient temperature. The peak current was measured by the conventional electrochemical sensor in 1 mM ferricyanide/ferrocyanide solution at a scan rate of 0.01 V/s. The limiting current was measured by the limiting current sensor with 0.1 mM ferricyanide/ferrocyanide solution at a flow rate of 16.8 mL/min. The peak current increases more significantly with rising temperature than the limiting current does. There is an increase of about 60% in peak current compared with an increase of about 10% in limiting current, when the temperature is increased from 25 to 55°C, indicating that the limiting current sensor has better thermal stability than the conventional electrochemical sensor. As discussed in Section 3.4, the peak current is solely controlled by the diffusion of reactive species while the limiting current is mainly controlled by the convection of reactive species. The peak current is sensitive to temperature because the diffusion rates of ferricyanide and ferrocyanide increase markedly with increasing temperature [45]. The good thermal stability of the limiting current sensor implies that the convection within porous Ni is mainly dependent on flow regime rather than temperature. The limiting current sensor is advantageous in practical applications because the electrochemical detections can be conducted under different environmental conditions.
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Fig. 5 Variations of peak current or limiting current with temperature. Peak currents were measured in 1 mM ferricyanide/ferrocyanide at a scan rate of 0.01 V/s, and limiting currents in 0.1 mM ferricyanide/ferrocyanide at a flow rate of 16.8 mL/min.
3.6 Long-term stability
Fig. 6 shows the relative limiting currents, i.e. the percentages relative to the initial limiting current, measured by the limiting current sensor every three days in 0.1 mM ferricyanide/ferrocyanide at a flow rate of 16.8 mL/min and at 25°C. The limiting current has only a small drop of about 5% after 30 days for both ferricyanide and ferrocyanide detection. The excellent long-term stability of the LCS porous Ni electrode is derived from its electrochemical stability and robust structure. Porous Ni has excellent electrochemical stability and provides stable performance for sensing ferricyanide and ferrocyanide over a long working time, as evidenced in Figs. 2e and 2f. The LCS porous Ni sample has a porosity of 0.7, which leads to a good balance between mechanical strength and fluid permeability. Higher porosities can result in lower mechanical strengths [25], which may not be able to withstand the high pressure of the flowing solution for a long period of time. Lower porosities can lead to low fluid permeability which may compromise the detection performance. 


[image: ]
Fig. 6 Relative limiting current measured by the limiting current sensor in 0.1 mM ferrocyanide and ferricyanide at a flow rate of 16.8 mL/min and a temperature of 25°C within 30 days.
3.7 Selectivity in tap water based solutions
[bookmark: OLE_LINK2]To test the selectivity of the limiting current sensor for ferricyanide and ferrocyanide detection in the presence of other ions, we prepared aqueous solutions using tap water with known ferricyanide/ferrocyanide additions to give pre-prepared concentrations of 0.01, 0.05, 0.1 and 0.5 mM. 1M Na2CO3 was added to increase the conductivity of the tap water. These tap water solutions were then forced to flow through the limiting current sensor at a flow rate of 16.8 mL/min. The measured concentrations of ferricyanide and ferrocyanide in tap water were calculated by the limiting current, according to the quantitative relations obtained from Figs. 4c and 4d. Fig. 7 shows that the measured concentrations are very close to the pre-prepared concentrations, indicating that the limiting current sensor has good selectivity in tap water. The main ions existing in the tap water in the Northwest of the United Kingdom are SO42-, Cl-1, Na+, Ca2+, etc. (Table S1). The presence of these ions in tap water does not interfere with the detection performance of the limiting current sensor for ferricyanide and ferrocyanide.
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Fig. 7 Detection of ferricyanide and ferrocyanide in tap water based solutions by the limiting current sensor at a flow rate of 16.8 mL/min. 
3.8 Comparison with other sensors
Table 2 compares the performance of various sensors for the detection of ferricyanide and ferrocyanide. The limiting current sensor developed in this work has a sensitivity two orders of magnitude higher than the conventional electrochemical sensors reported by Pandurangachar et al. [19] and Niranjana et al. [24], which used surface-modified carbon paste working electrode. The amperometric sensitivity is not applicable for the spectroelectrochemical sensors as they detect ferricyanide/ferricyanide by the light absorbance of the electrode. The LOD of the limiting current sensor is one order of magnitude lower than that of the spectroelectrochemical sensors [21, 23] and two orders of magnitude lower than that of the conventional electrochemical sensors in the literature [19, 24]. Compared with the conventional electrochemical sensors with surface-modified carbon paste working electrode, the conventional electrochemical sensor in this work shows a lower LOD and a more than 10 times higher sensitivity, attributable to the high surface area and excellent electrochemical properties of the porous Ni electrode. Overall, the superior detection performance of the limiting current sensor is derived from combining the novel design of a dynamic sensor with a porous working electrode.
The detection range of the limiting current sensor is 3 – 1000 µM, which is relatively small. For the pursuit of ultralow detection limit, the detection range sometimes needs to be further reduced to 3 – 10 µM. Another limitation of the limiting current sensor is that it requires a vast amount of solution and a longer response time than the conventional electrochemical and spectroelectrochemical sensors. These issues can be solved by the miniaturization of the sensor prototype and porous electrode using emerging microfabrication and microfluidics techniques. 
Table 2. Comparison of various sensors for the detection of ferricyanide and ferrocyanide
	Sensor
	Sensitivity (mA/mM)
	LOD (µM)
	Linear Range (µM)
	
Reference


	Limiting current sensor
(Ferri- and Ferro-)
	7.21-20.24
	0.4
	3-1000
	This work

	 Conventional electrochemical sensor (Ferri- and Ferro-)
	0.30-1.47
	64
	100-10000
	This work

	Conventional electrochemical sensor
(Ferri- only)

	0.012
	100
	500-3000
	[19]

	Conventional electrochemical sensor
(Ferri- only)

	0.0233
	100
	1000-3000
	[24]

	Spectroelectrochemical sensor
(Ferri- only)

	-
	8
	8-50
	[21]

	Spectroelectrochemical sensor
(Ferro- only)
	-
	50
	50-5000
	[23]


Note: The detection sensitivities and LODs of the limiting current sensor and conventional electrochemical sensor apply to both ferricyanide and ferrocyanide.
4. Conclusions
A limiting current sensor prototype has been developed for the detection of ferricyanide and ferrocyanide. The limiting current sensor consists of a three-electrode electrochemical cell equipped with a porous Ni working electrode and an electrolyte pumping system. The pumping system forces the solution to pass through the porous Ni electrode, increasing the mass transfer rate markedly. The enhanced mass transfer rate, together with the high surface area of the porous Ni electrode, increases the reaction rate and gives rise to the superior detection performance of the limiting current sensor. The limiting current sensor shows a sensitivity of 7.21 – 20.24 mA/mM and a LOD of 0.4 µM, which are two orders of magnitude higher and one order of magnitude lower, respectively, than previously reported sensors. Moreover, the limiting current sensor exhibits excellent thermal stability in a temperature range of 25 – 55°C, good long-term stability after 30 days and good selectivity against interfering ions in tap water.
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Fig. S1 (a) BET surface area and (b) permeability of porous Ni with porosities of 0.6, 0.7 and 0.8.
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Fig. S2 Voltammograms of ferricyanide (a) and ferricyanide (b) at concentrations of 10 and 50 mM, measured by the conventional electrochemical sensor.
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Fig. S3 (a) Relations between peak current and ferricyanide concentration at different scan rates; (b) detection sensitivity and LOD obtained from a detection range of 0.1 – 1 mM.
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Fig. S4 (a) Relations between peak current and ferrocyanide concentration at different scan rates; (b) detection sensitivity and LOD obtained from a detection range of 0.1 – 1 mM.
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Fig. S5 Current-potential plots of ferricyanide (a) and ferricyanide (b) at concentrations of 10 and 50 mM, measured by the limiting current sensor.
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Fig. S6 Detection sensitivity and LOD of the porous Ni electrode obtained from a detection range from 0.003 to 0.01 Mm at three different mass transfer coefficients (corresponding to three different flow rates of 16.8, 42 and 84 mL/min): (a) ferricyanide and (b) ferrocyanide.

Table. S1 Ions in the tap water in the Northwest of the United Kingdom [1]
	[bookmark: _Hlk54272337]Ion
	B3+
	Ca2+
	[bookmark: _Hlk54272312]Cl-1
	Cu2+
	F−
	NH+
	NO2−
	NO3−
	[bookmark: _Hlk54272322]Na+
	Mg2+
	[bookmark: _Hlk54272290]SO42-

	Conc.
(mg/L)
	<0.0117
	21.1
	<8.13
	<0.0070
	<0.0161
	<0.0309
	<0.0059
	<2.53
	10.3
	2.35
	27.4




Reference
[1] United Utilities, https://www.unitedutilities.com/help-and-support/your-water-supply/drinking-water-quality/water-quality-search-results/?postcodeField=PR1+9HQ, accessed on 22/10/2020
[bookmark: _GoBack]
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