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 h i g h l i g h t s g r a p h i c a l a b s t r a c t

 All-solid-state Liþ-ISEs with noble

metal nanostructured layers as solid-

contacts are developed.

 The gold and platinum nano-

structures are prepared by a one-step

electrodeposition procedure.

 

 

 

 

 

 

 

 

  The fabri cated sensors offer Nerns-

tian behavior, short response time

and exceptional potential stability.

 High selectivity is achieved.
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 Nowadays the development of sta ble and hi ghly ef cient Solid-Contact Ion-Selective Electrodes (SC-ISEs)fi

 

 

 

 

 

 

 

 

 attracts much attention in the research communi ty because of the great expansion of portable analytical

devices. In this work, we present highly stable Liþ all-solid-state ISEs exploiting noble metals nano-

structures as ion-to-electron transducers. The detection of lithium is essential for therapeutic drug

monitoring of bipolar patients. In addition, greater environmental exposure to this ion is occurring due to

the large diffusion of lithium- ion batteries. However, only a limi ted number of SC Liþ ISEs already exists

in literature based on Con ductive Polymers (CPs) and ca rbon nanotubes. The use of nob le metals for ion-

 

 

 

 

 

 

 

 

 to-electron transduction offers considerable advantages over CPs and carbon materials, including fast

and conformal one-step deposition by electrochemical means, non-toxicity and high stability. We

 

 

 

 

 

 

 

 

 investigate for the rst time the use of gold nanocorals obtained by means of a one-step electrodepo-fi

 

 

 

 

 

 

 

 

 sition process to improve sensor performance and we compare it to all-solid -state ISEs based on elec-

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 trodeposited pla tinum nano owers. In addition, the effect of substrate electrode ma terial, membranefl

thickness and condition ing concentration on the potentiometric response is carefully analysed. Scanning

Electron M icroscopy (SEM) and Current Reversal Chronopotentiometry (CRC) techniques are used to

characterize the morphology and the electrochemical behaviour of the different ISEs. The use of nano-

 

 

 

 

 

 

 

 

 structured gold and platin um contact s all ows the increase of the SC capacitan ce by one or two orders of

magnitude, respectively, with respect to the at metal, while the SC resistance is signi ca ntly reduced.fl fi

We show that the microfabricated sensors offer Nernstian be haviour (58.7 0.8 mV /decade) in the ac-±

 

 

 

 

 

 

 

 

 tivity range from 105 to 0.1 M, with short response time ( 15 s) and smal l potential drif t during CRC

measurements (dE
dt
¼ 3 105±2 10

5  

 

 

 

 

 

 

 

 V/s). The exceptional response stability is veri ed also when nofi

potential is appl ied. The sensor shows high selectivity towards all clinically importa nt ions, with values

very similar to conventional ISEs. Furthermore, to our knowledge, the selectivity towards Caþ2 is the best

 

 

 

 

 

 

 

 

 ever reported for SC -ISEs. In conclusion, the present study opens up new interesting perspectives
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 towards the development of simple and reproducible fabri cation protocols to obtain high-quality and

high-stability all-solid-state ISEs.
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1. Introduction

Solid-Contact Ion-Selective Electrodes (SC-ISEs) have received

considerable attention over the past 50 years towards next-

generation portable and miniaturized ion-sensors with integrated

steering circuits and read-out electronics [ ]. Accurate and quan-1

titative measurements of ions in solution are crucial in several

 

 

 

 

 

 

 

 

 different applications, including medical analysis [ , ], environ-2 3

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 mental [ ] and water quality [ ] monitoring, cosmetics [ ], agri-4 5 6

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 culture [ ] and process control [ , ]. The rst all solid-state ISE7 8 9 fi

 

 

 

 

 

 

 

 

 without internal reference solution was proposed in 1970 by Hirata

 

 

 

 

 

 

 

 

 and Date [ ], followed by Cattrall et al. [ ] the year after. Both10 11

systems were based on coated-wire electrodes. Poor reliability was

 

 

 

 

 

 

 

 

 achieved by Hirata and Catrall mainly because of the purely

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 capacitive interface and the reduced contact area that caused large

 

 

 

 

 

 

 

 

 potential instabilities. Since then, several advances have been made

 

 

 

 

 

 

 

 

 thanks to the use of new SC materials and to better understanding

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 of transport phenomena and water accumulation in the membrane.

 

 

 

 

 

 

 

 

 However, these systems still require major improvements since

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 they suffer from some important limitations including the need of

 

 

 

 

 

 

 

 

 calibration, limited selectivity and potential drif t. The most critical

aspect is certainly represented by potential stability. There are

mainly two possible causes of potential drift: the formation of a

 

 

 

 

 

 

 

 

 water layer at the ISM/SC interface and the small but non-zero

 

 

 

 

 

 

 

 

 current required for OCP measurements. In the rst case, thefi

sensor is generally sensitive to osmolality variations. Membrane

delamination can eventually occur during operation because of

poor adhesion to the substrate [1,12].

So far, the most promising candidates for commercial SC-ISEs

 

 

 

 

 

 

 

 

 are Conductive Polymers (CPs) and nanostructures with high

double layer capacitance [13e15]. Nanostructured materials offer

several advantages with respect to CPs, including the possibility to

achieve high conductivity, the absence of possible side-reactions

and the insensitivity to pH and light [1,16]. They exploit the elec-

trical double layer that is formed at the membrane/electrode

interface for ion-to-electron transduction: the accumulation of ions

on one side of the interface thanks to the role of the ISM attracts

electrons or holes on the other side; this leads to the formation of

an asymmetric capacitor. In these systems the interfacial potential

 

 

 

 

 

 

 

 

 is not related to redox reactions, as in the case of CPs, or to ion

 

 

 

 

 

 

 

 

 partitioning, as in conventional ISEs, but to the amount of charge

 

 

 

 

 

 

 

 

 accumulated in the double layer. Thanks to their large surface area

and their hydrophobic behaviour, nanostructured materials enable

the achievement of good adhesion, avoiding the risk of water ab-

sorption. Moreover, they are typically characterized by high

capacitance values. This property is crucial to reduce polarization

effects due to the small but non-zero currents required for the

measurement. For a more detailed description we refer the reader

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 to [ ]. Both carbon and noble metals nanostructures have been17

successfully investigated as SCs for ISEs: carbon nanotubes [ ],18e21

 

 

 

 

 

 

 

 

 fullerene [ , ], porous carbon [ ], graphene [22 23 24 26e 21 ,27e30],

different polymer/carbon composites [ , ], platinum nano-31 32

 

 

 

 

 

 

 

 

 particles supported on carbon black [ ], platinum nanopetals [ ],33 34

gold nanodendrites [ ], gold nanoclusters [ ], nanoporous gold16 35

films [ ] and gold nanoparticles [ , ]. An example of a SC-ISE36 37 38

based on MoO 2 microspheres has also been reported [ ].39

Many examples of portable SCs ion-sensors already exist in

literature for most ions of clinical relevance. The research has

focused mainly on cystic brosis and physical exercise monitoring.fi

 

 

 

 

 

 

 

 

 The most investigated ions are Kþ [ , , , ], Na23 34 37 40e4 8 þ

[ , ], Cl45 4 9e52 - [ , ], NH47 53 4þ [ , ] and H4 8 54 56e

þ [ , , ]. On4 8 52 57e59

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 the contrary, a very limited number of studies have been carried out

in order to sense lithium ions.

Lithium salts represent the oldest yet effective drugs to treat

 

 

 

 

 

 

 

 

 psychiatric patients suffering of Bipolar Disorder (BD) in order to

 

 

 

 

 

 

 

 

 keep under control maniac episodes [ ]. BD is a serious and60

potentially mortal disease, which cannot be cured, but only treated

 

 

 

 

 

 

 

 

 with speci c drugs. It is characterized by episodes of depressed andfi

 

 

 

 

 

 

 

 

 maniac mood, separated by periods of normal mood. Maniac and

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 depressed conditions can cause insomnia or hypersomnia, exces-

sive weight loss/gain, suicidal thoughts, aboulia [ , ]. The risk of61 62

 

 

 

 

 

 

 

 

 suicide is 30 times higher than in general population [ ]. Conse-63

 

 

 

 

 

 

 

 

 quently, after diagnosis, there is an urgent need of stabilization

 

 

 

 

 

 

 

 

 therapy [ ]. Unfortunately, the therapeutic range of this com-6 4

pound is very narrow (0.5 1.5 mM) [ ]. Moreover, dietary varia-e 65

tions, interaction with other medicines as well as individual

variability have a strong effect on the determination of the right

 

 

 

 

 

 

 

 

 dose [ ]. The consequences of overdose can be extremely severe.6 6

 

 

 

 

 

 

 

 

 They include drowsiness, ataxia, myoclonic twitching and chronic

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 toxicity that can lead to irreversible damages to kidneys, liver and

brain, and eventually to death [ ]. Hence, Therapeutic Drug6 6

 

 

 

 

 

 

 

 

 Monitoring (TDM) is crucial to optimize the dose for each patient

[ ]. More speci cally, lithium concentration in serum must be67 fi

controlled at least every week (standardized 12h or 24h Li þ serum

concentration) at the beginning of the treatment or af ter any

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 change in the dose. The time interval between subsequent check-

 

 

 

 

 

 

 

 

 ups can be enlarged only in absence of any complications. On the

 

 

 

 

 

 

 

 

 contrary, the frequency of serum lithium analyses should be

 

 

 

 

 

 

 

 

 increased accordingly. Check-ups every three month must be per-

formed during maintenance [ ].60

Lithium quanti cation in clinical laboratories is routinely per-fi

formed by atomic absorption spectrometry, ame emissionfl

photometry or conventional ISEs [ ]. The possibility to use6 8

 

 

 

 

 

 

 

 

 colorimetry [ ] and photometry [ , ] has also been reported in65 69 70

literature [ ]. Obviously, all these techniques require highly6 8

quali ed personnel and expensive equipment. In this regard, all-fi

solid-state SC-ISEs constitute ideal candidates for the develop-

 

 

 

 

 

 

 

 

 ment of low-cost and easy-to-use sensors for decentralized moni-

 

 

 

 

 

 

 

 

 toring of lithium that would avoid frequent check-ups in hospital to

 

 

 

 

 

 

 

 

 the patients. Novell et al. have reported the fabrication of a paper-

based Liþ  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 ion-selective sensor using carbon nanotubes as SCs [ ].71

 

 

 

 

 

 

 

 

 Coldur et al. have fabricated a miniaturized Li þ ISE with improved

 

 

 

 

 

 

 

 

 selectivity using a graphite composite to achieve ion-to-electron

 

 

 

 

 

 

 

 

 transduction [ ]. In the following years they have also reported72

 

 

 

 

 

 

 

 

 the determination of lithium under owing conditions towards thefl

 

 

 

 

 

 

 

 

 development of automatic and LOC analytical devices [ ]. All these73

 

 

 

 

 

 

 

 

 sensing systems open up new interesting perspectives, but some

limitations must still be tackled, including biocompatibility and

 

 

 

 

 

 

 

 

 toxicity, reproducibility and simplicity of the fabrication process.

 

 

 

 

 

 

 

 

 Other possible applications of lithium sensors may also arise

 

 

 

 

 

 

 

 

 from the expanding use of lithium-ion batteries that is likely to

 

 

 

 

 

 

 

 

 bring greater environmental exposure through leaching of land llfi

[ ].74

In this paper, we present highly stable Li þ ISEs based on noble
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metals nanostructured SCs. These materials offer several advan-

tages over carbon materials and conductive polymers, including

fast and conformal one-step electrodeposition, high stability, non

toxicity and increased surface area. SCs based on gold nanocorals

are employed for the rst time and compared to platinum nano-fi

 

 

 

 

 

 

 

 

 flowers to overcome the pervasive challenge of potential drift in

 

 

 

 

 

 

 

 

 current ISEs technology. In all cases, a one-step electrodeposition

procedure is used, allowing a much simpler and faster fabrication

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 protocol with respect to the previously reported gold nanoporous

SCs [ ]. In addition, the effect of different substrates and condi-36

 

 

 

 

 

 

 

 

 tioning protocols is deeply investigated. The various ISEs are

characterized morphologically and electrochemically by Scanning

Electron Microscopy (SEM) and Current Reversal Chro-

nopotentiometry (CRC) measurements. It is found that the use of

nanostructured gold and platinum contacts allows the increase of

the SC capacitance by one or two orders of magnitude, respectively,

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 with respect to the at metal, while the SC resistance is signi -fl fi

cantly reduced. The microfabricated sensors offer Nernstian

behaviour with short response time ( 15 s) and small potential

drift during CRC measurements (

(

(

(

(

(

(

(

( dE

dt
¼ 3 105

±2 10
5 V/s). The

exceptional stability of sensor response is also veri ed when nofi

potential is applied. Low Limit Of Detection (LOD) and high selec-

tivities are obtained, with values comparable to the ones reported

for conventional ISEs. To our knowledge, we achieve the highest

selectivities towards Ca 2þ ever reported for SC-ISEs. In conclusion,

the proposed technology represents a simple and reproducible

fabrication method that can be applied to obtain high-quality and

high-stability all-solid-state ISEs for different applications.

2. Experimental methods

2.1. Materials

Platinum and gold Screen Printed Electrodes (SPEs) with an

active area of 12.56 mm 2 were purchased from Metrohm

 

 

 

 

 

 

 

 

 (Switzerland). All chemicals were purchased from Merck

(Germany).

2.2. ISM fabrication

 

 

 

 

 

 

 

 

 After the electrochemical cleaning of the electrodes [ ], noble34

metals nanostructures were electrodeposited onto platinum and

gold screen printed electrodes using an Autolab Potentiostat

controlled by Nova Sof tware (Metrohm, Switzerland). Gold and

platinum nanostructures were deposited by applying a potential

 

 

 

 

 

 

 

 

 of 3 V in HAuCl 4 5 mM, NH 4 Cl 1.25 M for 120 s and 1 V in 50 mM

H2 SO 4 , 25 mM H 2 PtCl 6 for 20 0 s, respectively, using a three-

electrodes setup. A K0265 Ag/AgCl Reference Electrode from

Ametek (United States) was used for all depositions. A volume of

10 l of membrane cocktails consisting of 28.0 0 wt% Poly (vinyl

chloride) high molecular weight, 1 wt% Li Ionophore VI (6,6-

Dibenzyl-1,4,8-11-tetraoxacyclotetradecane), 0.7 wt%, Potassium

tetrakis (4-chlorophenyl)borate and 70.3 wt% 2-Nitrophenyl octyl

ether for 10 0 mg of mixture dissolved in 1 mL of Tethraydrofuran

 

 

 

 

 

 

 

 

 (THF) was drop-casted on SPEs. The membrane was kept at dark for

 

 

 

 

 

 

 

 

 24 h to allow solvent evaporation. Subsequently, the ISE was

 

 

 

 

 

 

 

 

 conditioned for 24 h at 0.01 M LiCl, unless otherwise stated.

2.3. Morphological characterization

 

 

 

 

 

 

 

 

 Scanning Electron Microscopy was used for the morphological

characterization of the electrodes. No sample pre-treatments were

performed. The SEM analysis was carried out at the Interdisci-

plinary Centre of Electronic Microscopy (CIME) of Ecole Poly-

technique F ederale de Lausanne (EPFL) by using a Merlin

 

 

 

 

 

 

 

 

 microscope from Zeiss (resolution up to 0.6 nm in STEM mode,

probe current up to 30 0 nA , acceleration voltage 20 V to 30 kV) in

 

 

 

 

 

 

 

 

 SE mode. The accelerating voltage used for the SEM imaging is in

the range 2 5 kV. The images of the nanostructured SCs were takene

with an detector at a Working Distance (WD) of 6 mm,In-Lens

 

 

 

 

 

 

 

 

 while all others with an detector at a WD of 2.7 mm. TheHE-SE2

analysis of the different ISM thicknesses for different solution vol-

 

 

 

 

 

 

 

 

 umes was performed with a Xlf-30 scanning electron microscope at

 

 

 

 

 

 

 

 

 CIME (resolution up to 2 nm at 30 kV and 8 nm at 1 kV, acceleration

 

 

 

 

 

 

 

 

 voltage 1 kV 30 kV) in SE mode. The electrodes have been brokene

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 to visualize their cross sections and to measure the average height

 

 

 

 

 

 

 

 

 of the deposited membrane, as in b. An accelerating voltage ofFig. 1

2 kV and a WD of 9.4 mm were set for these measurements.

2.4. Electrochemical measurements

All potentiometric measurements were performed in a two-

electrodes cell setup by means of an Autolab potentiostat with

Nova Software (Metrohm, Switzerland). A double junction

Sension 504 4 Reference Electrode (Hach, United States) for useþ

 

 

 

 

 

 

 

 

 with ISE was employed in all potentiometric measurements.

Cyclic Voltammetric measurements were performed in a three-

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 electrodes con guration using a K0265 Ag/AgCl Reference Elec-fi

trode from Ametek (United States). A 5 mM ferro/ferricyanide

 

 

 

 

 

 

 

 

 aqueous solution was employed.

3. Experimental results and discussion

A scheme of the ISEs with noble metal nanostructured SCs that

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 have been used in this work is given in Fig. 1. Both gold and plat-

inum nanostructured layers were developed previously to achieve

 

 

 

 

 

 

 

 

 sensitive detection of glucose [ , ]. The platinum nano owers34 75 fl

were also investigated to build a K þ ISM on a platinum electrode

 

 

 

 

 

 

 

 

 Fig. 1. a) Scheme of the fabricated nanostructures-based SC-ISEs. b) SEM cross-sectional view of a Li þ ISE with platinum nano owers as SC.fl
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microfabricated by standard lithographic methods and metal

evaporation. In this work, for the rst time, we use and comparefi

these nanostructures to fabricate Li þ ISM with improved sensing

 

 

 

 

 

 

 

 

 performance. We employ SPEs instead of the evaporated ones used

in Ref. [ ]. Both gold and platinum substrates are investigated as34

electrode materials.

3.1. Morphological characterization

SEM images were taken at different fabrication steps. In

particular, the morphology of gold and platinum SPEs was inves-

tigated before and after the electrochemical nanostructuration of

the substrate material. The bare platinum and gold SPEs are

 

 

 

 

 

 

 

 

 depicted in a and b, respectively. SEM images of platinumFig. 2

 

 

 

 

 

 

 

 

 nano owers deposited on a platinum SPE are shown in c,fl Fig. 2

 

 

 

 

 

 

 

 

 while gold nanostructures on a gold SPE are reported in b. It isFig. 2

 

 

 

 

 

 

 

 

 evident that in all cases conformal and homogeneous depositions

are obtained, despite the active area of the SPEs is larger than the

microfabricated electrodes used in Ref. [ ]. The platinum nano-34

 

 

 

 

 

 

 

 

 structures form a highly branched fractal architecture. On the

 

 

 

 

 

 

 

 

 contrary, the electrochemically deposited gold is organized in pores

with dimensions in the order of tens of micrometers. These are

made of nanocoral-shaped features, as evident from the pictures at

 

 

 

 

 

 

 

 

 higher magni cations (zoom in c and d). In general, it isfi Fig. 2

possible to conclude that the electrochemical deposition of plat-

inum and gold nanostructures allows the shift from micro-to

nanoscale surface roughness, thus allowing signi cant increase infi

the surface area of the electrode. Cross depositions of platinum

 

 

 

 

 

 

 

 

 nano owers on gold substrates and of gold nanocorals on platinumfl

ones were also performed. No signi cant effect of substrate mate-fi

 

 

 

 

 

 

 

 

 rial on surface morphology was found, therefore we are not

reporting the images here.

The Supplementary Material includes the SEM pictures of the

ISM membranes before and after the electrochemical measure-

ments on Pt/PtNano owers ( ) and Au/AuNanocorals ( )fl Fig. S1 Fig. S2

 

 

 

 

 

 

 

 

 SCs. No signi cant difference in topography was found after ISEsfi

usage.

3.2. Characterization by Current Reversal Chronopotentiometry

(CRC) and Cyclic Voltammetry (CV)

The electrochemical performance of Li þ ISEs with and without

nanostructured SCs on different substrates were compared by

means of CRC measurements. This is a useful method to investigate

 

 

 

 

 

 

 

 

 potential stability. A direct current of a few nA is applied for certain

time and then reversed, while measuring the sensor potential. The

 

 

 

 

 

 

 

 

 E-t curves show two main features: a jump when the change in

 

 

 

 

 

 

 

 

 current direction occurs and a slow potential drift at longer times

[ ].76

The CRC measurements with and without nanostructured SCs

on platinum and gold SPEs are given in a and 3b, respec-Figure 3

tively. It is evident that in both cases the presence of

 

 

 

 

 

 

 

 

 Fig. 2. SEM images of Pt/PtNano owers and Au/AuNanocorals SCs at different fabrication steps for: bare electrodes (a b); electrodes after nanostructuring (c d).fl e e
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nanostructured SCs radically improves potential stability with

 

 

 

 

 

 

 

 

 respect to the ISM directly deposited on the platinum and gold

SPEs. This phenomenon can be attributed to the different ion-to-

electron transduction mechanism that is exploited by nano-

 

 

 

 

 

 

 

 

 structured materials [1] (Fig. 1a): the ISM traps the target ions;

 

 

 

 

 

 

 

 

 consequently, an accumulation of electrons is induced on the other

 

 

 

 

 

 

 

 

 side of the ISM and an asymmetric capacitor is formed. The inter-

 

 

 

 

 

 

 

 

 facial potential is not related to redox reactions, as in the case of SCs

based on CPs, or to ion partitioning, as in conventional ISEs, but to

the amount of charge accumulated in the double layer.

 

 

 

 

 

 

 

 

 Nanostructured-based SCs have typically high capacitance values.

This property greatly reduces the risk of polarization effects due to

the small but non-zero currents required for the measurement. In

 

 

 

 

 

 

 

 

 addition, improvement in membrane adhesion is in general ach-

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 ieved thanks to the large surface area. This property is important to

minimize the risk of water absorption, that will cause high sensi-

 

 

 

 

 

 

 

 

 tivity to osmolality variations and structural damages of the

 

 

 

 

 

 

 

 

 membrane, eventually leading to the mechanical failure by

delamination.

All four combinations of nanostructures-substrates were

 

 

 

 

 

 

 

 

 investigated and compared. The CRC responses of platinum and

gold nanostructures are shown in a for platinum substratesFig. 4

 

 

 

 

 

 

 

 

 and in b for gold electrodes. The curves of three differentFig. 4

 

 

 

 

 

 

 

 

 samples for each stack sequence are reported to compare repro-

 

 

 

 

 

 

 

 

 ducibility. It is possible to observe that platinum nano owers SCsfl

 

 

 

 

 

 

 

 

 seem to offer a slightly more stable response with respect to gold

nanocorals. In addition, the response of different sensors with the

same stack spans in a much narrower potential range for platinum

 

 

 

 

 

 

 

 

 nano owers than for gold nanocorals. This is observed on both goldfl

 

 

 

 

 

 

 

 

 and platinum substrates. This property is important towards the

development of calibration-free sensors, that is still one of the

 

 

 

 

 

 

 

 

 major concerns in current SC-ISEs technology.

In order to obtain quantitative comparison among different

 

 

 

 

 

 

 

 

 samples to corroborate previous discussion, the resistance, poten-

tial drift and capacitance values of the different SC-ISEs were

 

 

 

 

 

 

 

 

 computed from the CRC results. Their values are reported in Table 1.

Five samples for each stack sequence were considered. The total

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 resistance of the electrode can be determined from the potential

jump simply using Ohms law (V Ri). From the table, it is possible¼

 

 

 

 

 

 

 

 

 to see that the use of noble metal nanostructures signi cantly de-fi

 

 

 

 

 

 

 

 

 creases the contact resistance both on gold and platinum sub-

strates, thus enhancing charge transfer at the SC interface. In

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 particular, a reduction of one order of magnitude is obtained with

nanostructured SC. Platinum nano owers allow the largestfl

improvement in SC conductivity. The lowest resistance value is

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 achieved when Pt/PtNano owers SCs are used. As expected thefl

 

 

 

 

 

 

 

 

 bare gold electrodes have a lower contact resistance with respect to

 

 

 

 

 

 

 

 

 the platinum ones since this metal is characterized by higher

 

 

 

 

 

 

 

 

 electrical conductivity. The potential drift is de ned by the slope offi

 

 

 

 

 

 

 

 

 the curve [ , ]. The use of gold and platinum nanostructured SCs12 77

allows a slope reduction of one and two orders of magnitudes,

respectively, with respect to ISMs directly deposited on the SPEs. In

particular, when using platinum substrates, the potential drift de-

creases from 1.80 0.29 mV/s without nanostructured SCs down to±

 

 

 

 

 

 

 

 

 0.12 0.06 mV/s with gold nanocorals and 0.03 0.02 mV/s with± ±

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 platinum nano owers. The capacitance values of the SC can befl

deducted according to the following equation: C ¼ i

dE dt
, where i is

 

 

 

 

 

 

 

 

 the applied current [ ]. The highest SC capacitance is achieved by1

depositing platinum nano owers (195.3 96.8fl ± F) on platinum

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 electrodes. Gold nanocorals have a capacitance in the range of

several tens of F, which is still one order of magnitude larger than

the bare SPEs. This value is comparable or slightly higher with

 

 

 

 

 

 

 

 

 respect to the one reported for the electrodeposited nanoporous

 

 

 

 

 

 

 

 

 gold in Ref. [ ]. However, the main advantage of our approach is36

the fast one-step electrodeposition procedure adopted for electrode

nanostructuration.

The signi cant increase in electrode capacitance with nano-fi

structured SCs was corroborated also by Cyclic Voltammetry (CV).

The CV measurements were performed in an aqueous solution

containing the ferro/ferricyanide redox couple. From Fig. 5, i t is

Fig. 3. CRC measurements of all-solid-state Li þ  

 

 

 

 

 

 

 

 ISEs on platinum (a) and gold (b) substrates showing the signi cant improvement in potential stability when nanostructured SCs arefi

used. ( 5 nA for 60 s in 0.01 M LiCl solution).±
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possible to see that the use of nanostructured SCs greatly improves

the capacitive current of the system. In particular the highest ca-

 

 

 

 

 

 

 

 

 pacity is achieved with platinum nano owers SCs, as found in thefl

CRC measurements. In addition, the better CRC performance ach-

ieved on platinum substrates was also con rmed, as evident fromfi

 

 

 

 

 

 

 

 

 the larger integral area of the voltammograms with respect to ISM

on gold substrates.

In conclusion, the CV measurements and the resistance and

 

 

 

 

 

 

 

 

 capacitance values calculated from CRC confirm the improved sta-

bility of the nanostructured SC produced in this work that was

evid ent from a first qualitative analysis of CRC graphs in .Fig. 4

Platinum nanoflowers seem to offer a slightly better performance

than gold nanostructures in terms of potential stability and repro-

ducibility, thus they will be the SC of choice in the following dis-

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 cussion, unless otherwise stated. By comparing the capacitance

values of the different ISMs on the two substrates, it is also possible

 

 

 

 

 

 

 

 

 to state that in all cases platinum SPEs show a slightly higher

capacitance with respect to the gold ones. Consequently, this sub-

strate will be in general preferred in subsequent argumentation. The

 

 

 

 

 

 

 

 

 Pt/PtNanoflowers SC used in this work shows a much higher

capacitance value with respect to the all-solid-state ISEs based on

 

 

 

 

 

 

 

 

 other commonly used nanostructures, including carbon nanotubes

[ ], graphene [ ,18 27 29], reduced graphene oxides [ ], graphene-30

polymer composites [ ], fullerenes [ ], but also of MoO31 22 2 micro-

spheres [ ], platinum nanoparticles [ ], gold nanodendrites [ ]39 33 16

and nanoporous gold [ ]. In addition its value is comparable to the36

capacitance of the SCs based on gold nanoclusters reported in

 

 

 

 

 

 

 

 

 Ref. [ ]. Only [35 26] and [32] show higher capacitance values using

porous carbon and carbon-black SCs, respectively.

3.3. Sensor calibration

The beneficial effect of electrode nanostructuring is also evident

from the calibration time traces in . Non-nanostructured elec-Fig. 6

trodes (black and grey curves) show large potential instabilities and

signi cant background signal. On the contrary, the ISE based onfi

 

 

 

 

 

 

 

 

 platinum nano owers offer a very smooth response (blue curve).fl

Sharp steps are generated by successive increments in lithium con-

centration. In addition, a small increase in the background signal

with time occurs in the presence of nanostructured SCs.

An example of a typical calibration curve computed from the

potentiometric time trace is given in for an ISE with platinumFig. 7

nano owers as SC on a platinum SPE. A summary of all sensorfl

parameters are reported in Table 2. The sensor shows a near-

Nernstian behaviour with a slope of 58.7 0.8 mV/decade. It is±

important to notice that also the standard deviation is decreased by

a factor of two with respect to the literature value, thus corrobo-

rating the good reproducibility of the system that was evident also

 

 

 

 

 

 

 

 

 from the CRC results. The limit of detection was computed ac-

cording to IUPAC de nition as the intersection of the linear portionsfi

of the curve [ ]. Its value was found to be around 1 3 1077 
5 M.

 

 

 

 

 

 

 

 

 Although higher than in other papers [ ], it is still satisfactory72

because well below the minimum effective concentration of the

lithium drug (0.5 mM [ ]). In addition, the response time of the65

 

 

 

 

 

 

 

 

 sensor is always very short, as evident from the sharp steps in the

calibration time trace of .Fig. 6

3.4. Effect of conditioning concentration and membrane thickness

The effect of conditioning concentration on the sensor was also

investigated. a shows the calibration curves between 10Fig. 8 -7 M

 

 

 

 

 

 

 

 

 Fig. 4. CRC comparison of different stacks of nanostructured Li þ SC-ISEs. In particular, gold nanocorals and platinum nano owers were employed as SCs on both platinum (a) andfl

gold (b) substrates. ( 5 nA for 60 s in 0.01 M LiCl solution).±

Table 1

The total resistance, potential drift and capacitance values of the different fabricated

Liþ ISEs have been computed from the CRC measurements. Five samples for each

stack sequence were fabricated and tested.

R [k ] dE/dt [mV/s] C [ F]

Pt/ISM 146 76 1.80 0.29 2.5 0.1± ± ±

Pt/PtNano owers/ISM 28 4 0.03 0.02 195.3 96.8fl ± ± ±

Pt/AuNanocorals/ISM 41 19 0.12 0.06 50.5 24.0± ± ±

Au/ISM 108 54 0.76 0.43 9.5 6.7± ± ±

 

 

 

 

 

 

 

 

 Au/PtNano owers/ISM 51 11 0.07 0.05 113.7 96.9fl ± ± ±

Au/AuNanocorlas/ISM 30 21 0.21 0.14 29.4 13.7± ± ±
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 and 0.1 M after conditioning at different concentrations for 24 h. It

is possible to conclude that lower concentrations bring the mem-

brane to higher potential ranges, on the contrary to what could be

expected. No signi cant effect on the LOD was found. However, iffi

we repeat the calibration in a narrow concentration range close to

the therapeutic window values, the conditioning concentration is

 

 

 

 

 

 

 

 

 found to have a major role in sensor response, as evident from

 Fig. 8b. In particular, it is possible to conclude that the 0.01 M LiCl

 

 

 

 

 

 

 

 

 solution improves the linearity of the system and greatly reduces

standard deviation, providing improved prediction accuracy. This

will be the conditioning concentration of choice in following

discussion.

The ISM thickness was varied by increasing the cocktail volume

drop-casted on the electrode. As expected the increase in drop-

casted solution leads to the formation of thicker membrane until

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 a maximum value is reached (reported in the Supplementary Ma-

 

 

 

 

 

 

 

 

 terial, ). Above this saturation value the excess solutionFig. S3

 

 

 

 

 

 

 

 

 simply spreads around the electrode. The in uence of ISMfl

Fig. 5. Cyclic voltammograms in a 5 mM potassium ferro/ferricyanide solution of: a) Pt, Pt/PtNano owers and Pt/AuNanocorals SCs; b) Au, Au/PtNano owers and Au/AuNanocoralsfl fl

SCs. It is evident that electrode nanostructuring signi cantly increases the SC capacitance, as expected. (scan rate 100 mV/s).fi

Fig. 6. Example of potentiometric time traces obtained during the calibration of Li þ

SC-ISEs with (blue curve) and without (black curve) nanostructured SC. The use of

platinum nano owers allows the achievement of a much more stable potentialfl

response. (For interpretation of the references to color in this gure legend, the readerfi

is referred to the Web version of this article.)

Fig. 7. Example of a typical calibration curve of Li þ ISEs with platinum nano owers asfl

SCs.

Table 2

Analytical parameters of Li þ SC-ISEs based on Pt/PtNano owers SCs.fl

This work Literature

sensitivity [mV/decade] 58.7 0.8 59.8 1.4 [ ]± ± 71

LOD [M] 13 10
6±4 10

6 5 10
6 [ ]72

Response time [s] 15 30 20 [ ]e 72

pH stability from 4 to 12 from 4 to 12 [ ]71
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 thickness on sensor performance was investigated. However, no

signi cant effect of membrane thickness on Nernstian behaviour,fi

LOD and selectivity was found. In general a solution volume of 10 l

was drop-casted in this work, unless otherwise stated, in order to

allow complete coverage of the electrode while limiting chemical

consumption.

3.5. Stability of potential response

 

 

 

 

 

 

 

 

 The predictability of the sensor signal was investigated by

comparing the potential developed by the system when exposed to a

 

 

 

 

 

 

 

 

 0.01 M LiCl solution with the previously obtained calibration curve.

 

 

 

 

 

 

 

 

 The percentage difference between the potential value predicted

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 from the calibration curve and the one measured in a constant

concentration solution was found to be very small (0.58 0.46%). A±

reversed sensor calibration was also performed in the range 10 -5 M

 

 

 

 

 

 

 

 

 and 0.1 M ( a). The curve corroborates previous results, provingFig. 9

the good stability and reversibility of the sensor response. In addi-

tion, potential drift over time was found to be very limited in the

 

 

 

 

 

 

 

 

 concentration range of interest, as evident from b, that showsFig. 9

the trend of the potential value over time of two fabricated sensors

when placed in a 1 mM LiCl solution for a long period of time.

Fig. 8. Calibration curves of Li þ ISEs based on platinum nanostructured SCs af ter conditioning at different concentrations: a) long range calibration range (between 10 -6 M and

0.1 M); b) short range calibration around the therapeutic window values.

 

 

 

 

 

 

 

 

 Fig. 9. a) Reversed calibration of Li þ ISEs based on platinum nanostruc tured SCs between 10 -5 M and 10 -1 M (the logarithm of the concentration is reported above the corresponding

potential step. b) Potential stability over time of two Li þ ISEs based on pla tinum nanostructured SCs during immersion in a 3 mM LiCl solution.
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3.6. Selectivity studies

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 The selectivity of the sensor was investigated by comparing

different methods. The values obtained by the Separate Solution

Method (SSM) and the Fixed Interference Method (FIM) are re-

ported in Table 3 in comparison with the highest values reported in

literature both for conventional and all-solid-state Li þ ISEs. For the

 

 

 

 

 

 

 

 

 SSM the procedure described in Ref. [ ] was used to achieve un-78

biased selectivity values. Entire calibration curves were taken for

each ion to determine their Nernstian range. In the FIM a fixed

interfering ion activity of 2 8 10
2 was used during all sensor

 

 

 

 

 

 

 

 

 calibrations. To our knowledge, no FIM values for Li þ SC-ISEs have

been reported in literature yet.

The here presented Liþ ISEs show the highest selectivity towards

Ca 2þ ever obtained for SC-ISEs. As expected the lowest selectivity

coef cients are the ones for the smallest ions, Kfi
þ  

 

 

 

 

 

 

 

 and Naþ, since

 

 

 

 

 

 

 

 

 they have similar dimensions to Li þ ions, thus giving larger inter-

 

 

 

 

 

 

 

 

 ference. In particular, selectivity values of about 1:450 and 1:180

 

 

 

 

 

 

 

 

 are achieved in this work for K þ and Naþ, respectively. Although

lower, than in other works [ ], this performance is still acceptable.71

The selectivity versus NH 4þ ions is very similar to the highest value

reported in literature. In conclusions, all selectivity values are very

similar to the ones reported for conventional ISEs.

4. Conclusions

 

 

 

 

 

 

 

 

 In this paper, we have developed all-solid-state Li þ ISEs

 

 

 

 

 

 

 

 

 exploiting noble metals nanostructures as ion-to-electron trans-

 

 

 

 

 

 

 

 

 ducers. In particular, gold nanocorals deposited in a fast and

conformal one-step electrochemical deposition process are used for

the rst time as SCs and compared with similarly obtained plat-fi

inum nano owers. Conformal deposition and improved surfacefl

 

 

 

 

 

 

 

 

 area were demonstrated by means of SEM. The nanostructures

 

 

 

 

 

 

 

 

 performance on different substrate electrode materials and the

in uence of the conditioning procedures were deeply investigated.fl

Electrochemical measurements proved the reduced charge transfer

resistance, large capacitance, exceptional potential stability and

excellent analytical performance of the sensors. All selectivity

values are found to be very close to the ones reported for conven-

 

 

 

 

 

 

 

 

 tional ISEs. In addition, the highest selectivity towards Ca 2þ ever

obtained for Liþ SC-ISEs is achieved. In conclusion, the fabrication

 

 

 

 

 

 

 

 

 method presented in this work can be considered as an important

step towards the development of portable systems for monitoring

 

 

 

 

 

 

 

 

 of lithium ions since a very limited number of research works have

 

 

 

 

 

 

 

 

 been carried out in this regard. The nanostructured SCs proposed in

this paper offer several advantages, including fast deposition, high

stability and non-toxicity, thus they can be employed to obtain

high-quality and high-stability all-solid-state ISEs for other target

ions in different elds of applications.fi
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