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Received: 30 June 2026 Abstract: Solid-contact ion-selective electrodes have been extensively utilized for
Revised: 3 September 2026 calcium ion detection, particularly in applications involving milk samples. In this
Accepted: 8 October 2026 study, a solid-contact was developed using a composite material of

Published: 26 October 2026 TisO03(OH)4(Hobde-NHz)s (NH2-MIL-125) and reduced graphene oxide (rGO) to
prepare calcium SC-ISE  (NH,-MIL-125@rGO/Ca?"-ISE). The NH,-MIL-
125@rGO/Ca**-ISE demonstrated high double-layer capacitance (222 pF) and
rapid electron transfer capabilities. Within the calcium ion concentration range of
1077~107" M, the electrode exhibited an excellent Nernstian response, with a rapid
response time (2~3 s) and a low detection limit of 10772 M. Additionally, the
electrode performed exceptionally in water layer and anti-interference tests,
showing enhanced potential stability and response speed while being unaffected by
environmental factors such as light, CO,, and O,. These results confirm the superior
performance of the NH»-MIL-125@rGO composite as a solid-contact layer,
therefore constructed disposable screen-printed calcium potentiometric sensor. In
particular, it demonstrated the capability for rapid and accurate analysis of calcium
content in untreated milk samples, highlighting the significant practical potential
for development of calibration-free SC-ISEs.
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1. Introduction

Calcium is the main component of human bones and teeth for children and adolescents. Sufficient calcium ions
in milk can provide essential raw materials for growth and effectively prevent rickets and other bone dysplasia [1],
thus calcium ion content is a core element for evaluating milk quality. So far, a variety of methods for the detection of
calcium ions have been reported, such as atomic absorption spectrometry [2], atomic fluorescence spectrometry [3],
redox titration, spectrophotometry [4]. However, these methods have their own limitations, spectrophotometer
method is susceptible to the influence of sample composition inhomogeneity, resulting in low measurement precision.
Although atomic absorption spectrometry is accurate, it requires expensive instrumentation and long detection cycles.
Therefore, detection methods with low cost, simple operation and high sensitivity are highly demanded.

Solid-contact ion-selective electrodes (SC-ISEs) is an ideal alternative, which are characterized by fast
response time, high sensitivity, excellent selectivity, and good reproducibility. They have been widely used in
biological and environmental analysis. In addition, the easy miniaturization, convenient storage and portability of
SC-ISEs successfully solve the leakage problem of internal reference solution in traditional liquid-contact
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electrodes. SC-ISEs uses ion selective membrane to selectively respond to a specific ion. When measuring solution
containing the ions, a membrane potential is generated at the interface between the sensitive membrane and the
solution that is directly related to ion activity. In order to improve the detection range and maintain the stability of
potential, a solid-contact layer (SC) is introduced between the conductive substrate and the ion selective membrane
to increase the ion-to-electron transduction capability. The large interfacial capacitance of the SC and the resistance
of the water layer are two key factors to reduce the potential drift of SC-ISE [5,6].

Until now, widely used solid contact materials include conductive polymers [7,8], carbon materials [9—12],
redox molecular pairs [13,14], and noble metal nanoparticles [15], metal-organic frameworks (MOFs) [16,17], and
MXene nanosheets [18]. Among them, MOFs as a kind of porous crystal material, have attracted more and more
attention because of their unique advantages, such as easy synthesis, structural diversity, large specific surface
area, high porosity and good chemical stability [19,20]. Nevertheless, most MOFs suffer from poor electrical
conductivity, restricting their application as SC. In order to overcome this problem, some modification strategies
are needed to improve the conductivity of MOFs. Benefiting from the tunable central metal ions and peripheral
ligands of MOFs, material properties can be optimized via selective modification [21].Graphene has advantages
such as high specific surface area, electrical conductivity and chemical stability, which can provide supports for
MOFs, enhance the overall mechanical stability of the composite, and the presence of the metal-organic framework
can effectively separate the graphene sheets and prevent them from agglomerating, thus maintaining the high
specific surface area of MOFs graphene composites.

In this work, MOF @reduced graphene oxide composites (NH>-MIL-125@rGO) were prepared by a
solvothermal method as SC. Through the synergistic interaction between the two, the composite not only makes
up for the lack of electrical conductivity of the MOF material, but also improves the limitation of the porosity of
graphene, making the composite show excellent large double layer capacitance, fast electron transduction ability
and good hydrophobicity. When the graphene oxide (GO) mass fraction is 13%, the electrode capacitance
performance reaches the best state. NH>-MIL-125@rGO electrochemical sensors made of solid contact materials
can effectively prevent the formation of a water layer between the electrode and the film interface, significantly
reducing the interfacial resistance. This characteristic makes the sensor show good reproducibility and stability in
the detection of calcium ions. Therefore, the disposable screen printed electrode was prepared and successfully
applied to the rapid detection of Ca?" content in milk samples, which provides convenience for the detection of
calcium ions in actual milk samples.

2. Experimental Section
2.1. Reagents and Materials

Tetrabutyl titanate (TPOT), 2-amino-terephthalic acid (NH>-BDC, 98%), N, n-dimethylformamide, tetra
[3,5-bis (trifluoromethyl) phenyl] sodium borate (NaTFPB), hydrogen peroxide (30%), methanol, acetic acid and
ethanol were purchased from Aladdin (Shanghai, China). Concentrated nitric acid, concentrated sulfuric acid,
potassium chloride (KCl), ferric chloride (FeCl3), sodium chloride (NaCl), magnesium chloride (MgCl,), calcium
chloride (CaCly), barium chloride (BaCl,), copper chloride (CuCl,), potassium permanganate were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Calcium ion carrier N, n-dicyclohexyl-2-[2-(dicyclohexylamino)-2-
oxyethoxy] acetamide (ETH-129), 2-nitrophenyl octylether (6-NPOE), high molecular weight polyvinyl chloride
(PVC), tetrahydrofuran (THF) were purchased from Fluka (Buchs, Switzerland). Graphene (Supplementary
Materials). Aqueous solutions were prepared with freshly deionized water (18.2 MQ cm specific resistance). The
disposable carbon screen printed electrodes were purchased from Qingdao Poten Technology Co. (Qingdao, China).

2.2. Preparation of NH>-MIL-125@rGO Transducer

According to the previously reported literature [22], NH>-MIL-125 and NH»-MIL-125@rGO composites
were synthesized by solvothermal synthesis. First, 0.15 mL TPOT and 0.14 g NH,-BDC were dissolved in a mixed
solution of 9 mL DMF and 1 mL methanol, and then 0.53 mL acetic acid was added to the solution and stirred to
fully dissolve it. Then the mixture was transferred to a 50 mL polytetrafluoroethylene autoclave and reacted at 150 °C
for 24 h. After the reaction, it was cooled to room temperature, washed with deionized water, methanol and
deionized water in turn, and freeze-dried to obtain a yellow solid powder.

The synthesis method of NH»-MIL-125@rGO composite material is similar to the above process. A certain
amount of NH,-MIL-125 is weighed to prepare an aqueous solution, and different mass fractions of GO dispersion
are added. The two solutions are mixed and stirred for 30 min, and then transferred to a 50 mL high-pressure
reactor for hydrothermal reduction reaction at 120 °C for 8 h. After freeze-drying, a black sample NH>-MIL-
125@rGO is obtained (Scheme 1a).
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Scheme 1. The illustrations for (a) the preparation of NH2-MIL-125@rGO composites and (b) the fabrication of
SC-ISE for Ca*" detection.

2.3. Preparation of SC-Ca**-ISEs

The glassy carbon electrodes were polished with fine alumina powders (0.3 and 0.05 pm) on a polishing
cloth, and then cleaned by alternating ultrasonication with ultrapure water and ethanol. Configured NH»-MIL-125
and NH,-MIL-125@rGO dispersions were dripped onto the surface of the polished GC electrodes, which were
air-dried under nitrogen purge, and then a 20 pL drop of Ca?" selective membrane (Ca?*-ISM) was placed on the
top of the electrode (Scheme 1b). The Ca?*-ISM component containing 0.46 wt% calcium ionophore I (ETH 129),
0.48 wt% NaTFPB, 33.02 wt% PVC and 66.04 wt% o-NPOE (totally 360 mg). Dissolve in 1.8 mL THF to obtain
a membrane cocktail solution [23]. For comparison three kinds of electrodes, Ca®*-ISE, NH,-MIL-125/Ca*"-ISE
and NH>-MIL-125@rGO/Ca?*-ISE were prepared and dried overnight.

The preparation process of the disposable solid-state screen-printed electrode is the same as the above
process, except that the working electrode of SPE is selected as the substrate.

2.4. Electrochemical Measurements

All electrochemical evaluations are performed using the CHI760E Electrochemical workstation with a typical
three-electrode system. NH,-MIL-125@rGO/Ca*"-ISE, Ag/AgCl electrode and Pt wire are used as working
electrode, reference electrode and counter electrode, respectively. The impedance spectrum was recorded in a 0.1 M
CaCl, solution with a frequency range of 107°~10"" Hz and an amplitude of 100 mV. Chronopotentiometry was
performed by continuously applying a constant current of £1 nA for 60 s in a 0.1 M CaCl, solution, and the
electrodes were adjusted in 1 mM CacCl, overnight prior to chronopotentiometry.

3. Results and Discussion

As shown in Figure la,b, the NH,-MIL-125@rGO composites were investigated by scanning electron
microscopy (SEM). The octahedral and cubic structures of NH,-MIL-125 crystals are clearly shown in the image,
with average side lengths in the range of 1-1.2 um. This morphological feature is highly consistent with the NH,-
MIL-125 frame morphology recorded in previous literature [24]. Figure 1c,d exhibits the surface topography of
NH,-MIL-125@rGO composite, NH>-MIL-125 crystals can be observed attached to the surface of rGO in the form
of regular nanoparticles. Further, TEM characterization also revealed the detailed microstructure of the material,
as shown in Figure S9, where the three-dimensional structure of NH>-MIL-125 and the typical lamellar structure
of rGO were observed. The results showed that rGO was well combined with NH,-MIL-125.

The XRD patterns of the prepared GO, NH,-MIL-125 and NH»-MIL-125@rGO composites are depicted in
Figure le. NH,-MIL-125 exhibits a typical inorganic crystal structure, a finding that is highly consistent with
previous reports [25]. In the XRD pattern of GO, a sharp diffraction peak at 10° is clearly observed, which
corresponds perfectly to the (001) diffraction peak of the hexagonal structure of graphite [26]. For the composite
NH,-MIL-125@rGO, the GO to rGO conversion process is accompanied by functional group change, which is a
typical characteristic of amorphous carbon or graphene structure in rGO samples. The peak of the composite NH»-
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MIL-125@rGO sample is significantly shifted to a lower angle than that of pure NH»-MIL-125, indicating that the
composite is well bonded [27]. However, the diffraction peak of rGO is not obvious, which may be due to the low
content of rGO [28]. In addition, the XRD pattern at NH,-MIL-125@rGO further reveals that the introduction of
rGO does not cause any damage to the crystal structure of NH,-MIL-125.

Raman measurements of GO, rGO and NH,-MIL-125@rGO were carried out to assess the structural disorder
of the as-prepared composites. The structural and chemical features of the composites can be reflected by the position
and intensity of characteristic peaks in Figure 1f. The D band is associated with defect induced vibrational modes of
sp? carbon structures, particularly the breathing modes of sp? carbon rings, whereas the G band originates from the
in-plane stretching vibrations of sp? bonded carbon atoms. The intensity ratio (In/lg) is commonly used to quantify
the disorder and defect density within graphene based materials, which strongly influences the conductive
performance of composites [29]. Generally, a larger (Ip/Ig) value indicates higher defect content and greater structural
disorder. The ratios for GO, rGO and NH,-MIL-125@rGO are 0.89, 1.16, and 1.05 respectively. The increase after GO
reduction may reflect changes in the carbon structure associated with the removal of oxygen-containing groups, while
the subsequent decrease in the composite suggests further structural modification during composite formation [30]. The
electrical transport properties were further evaluated by electrochemical impedance spectroscopy.
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Figure 1. SEM images of (a,b) NH2-MIL-125 and (¢,d) NH2-MIL-125@rGO composites. (¢) XRD and (f) Raman
spectra of GO, rGO and NH2-MIL-125@rGO.

The XPS spectra were employed for the elemental composition analyses of NH,-MIL-125 and NH,-MIL-
125@rGO composites, as shown in Figure 2. The XPS data showed that Ti, O, C and N elements exist in the
composite, and there are two main peaks at 285.3 and 530.7 eV, namely C 1s and O 1s, respectively. The carbon
content of NH,-MIL-125@rGO is higher than that of NH>-MIL-125, which confirms that NH,-MIL-125 contains
rGO, indicating that the material is well composite [31]. Figure 2c demonstrates the symmetric peaks of Ti2ps,
and Ti2pi at 458.8 eV and 464.2 eV in the Ti2p spectrum, indicating that the oxygen-bound titanium in the Ti-
oxygen cluster maintains an IV oxidation state [32]. Unexpectedly, the characteristic peak of Ti shifted after the
introduction of rGO, which may be due to the formation of the Ti-O-C bond (Figure 2f). The C 1s spectrum of
NH,-MIL-125 can be deconvoluted into three peaks at 284.56, 286.05, and 288.54 ¢V, which are assigned to
C=C/C-C, C-0O/C-0OH, and C=0 species, respectively (Figure 2b). The O 1s spectrum was further analyzed to
uncover the interfacial interaction and its influence on electrical conductivity. The shift of the O 1s peak upon rGO
incorporation arises from the formation of Ti-O-C covalent bonds between NH,-MIL-125 and rGO. Such covalent
linkage induces strong interfacial electronic coupling, accelerates interfacial charge transfer and reduces interfacial
resistance, therefore facilitating electron transport and contributing to the improved conductivity of the NH>-MIL-
125 @rGO composite.

At the same time, the spectra of O 1s and N 1s (Figure S3) further indicate that there may be an interaction
between NH,-MIL-125@rGO.
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Figure 2. (a) XPS spectra of NH2-MIL-125 and (b,¢) XPS spectra of C 1s and Ti 2p at NH2-MIL-125; (d) XPS
spectra of NH2-MIL-125@rGO and (e,f) XPS spectra of C 1s and Ti 2p for NH>-MIL-125@rGO.

The electrochemical properties of GC and GC coated with different materials were studied by CV and EIS
in 0.1 M CaCl, solution. In particular, the NH,-MIL-125@rGO/Ca?'-ISE exhibits a higher capacitance current
than the NH»-MIL-125/Ca?*-ISE and unmodified bare GC electrodes. This phenomenon showed that by
introducing rGO, the double-layer capacitive performance of the electrode can be effectively improved, as shown
in Figure 3a. In order to better understand the effect of rGO content on the capacitive performance of NH,-MIL-
125@rGO/Ca**-ISE, a systematic study was carried out (Figure 3b). The results showed that when the content of rGO
reached 13 wt%, the capacitive current of the electrode increased significantly. This may be due to some structural
synergy occurring between rGO and NH,-MIL-125 at this content, which facilitates charge storage and transfer.
However, when the rGO content is further increased to 17 wt% and above, the capacitance current shows a
gradually decreasing trend. This may be due to excessive rGO causing aggregation and stacking between materials,
which in turn increases the internal resistance of the electrode, hindering the transfer and storage of charge.
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Figure 3. (a) cyclic voltammetry curves of Ca?*-ISE, NH>-MIL-125/Ca?*-ISE and NH>-MIL-125@rGO/Ca**-ISE;
(b) Cyclic voltammetry test curves of NH2-MIL-125@rGO/Ca?*-ISE electrodes with different ratios of rGO; (¢) The
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peak areas corresponding to rGO with different mass fractions; (d) Impedance spectra of Ca?*-ISE, NH>-MIL-
125/Ca*-ISE and NH>-MIL125@rGO/Ca”*-ISE; (e) Impedance spectra of NH2-MIL125@rGO/Ca>*-ISE electrodes
with different ratios of rGO; (f) The resistance values corresponding to rGO with different mass fractions.

To further verify the ion electron transduction ability and capacitance of SC, electrochemical impedance
spectroscopy (EIS) experiment was carried out, and the impedance diagram was displayed [33,34] (Figure S4). By
analysis via a Z View software, fitted electrochemical parameters are summarized in Table S3. In the high
frequency region, the semicircle diameter represents the bulk resistance of the membrane and the contact resistance
between the membrane and the SC layer [35]. The bulk resistance Rb decreases from 0.08 MQ to about 0.045 MQ
(Figure 3d), indicating that the introduction of NH,-MIL-125@rGO between the GC substrate and the Ca**-ISM
can effectively reduce the contact impedance and promote the transport of charges at the interface, thus having
excellent conductivity. In the low frequency region, it is caused by the coupling of double-layer capacitance and
charge transfer resistance at the buried interface between the ISM and the underlying conductor. As shown in
Figure 3e, the rGO content of 13 wt% shows a smaller high-frequency semicircle, indicating a larger high-
frequency capacitance and a smaller charge-transfer resistance. These results show that NHo-MIL-125@rGO-13 wt%
as a transduction layer can reduce electron transport resistance, promote charge transfer rate, and improve the
stability of electrode potential during potential response. Therefore, NH,-MIL-125@rGO electrode containing 13 wt%
rGO was chosen for subsequent experiments. EIS measurement results showed that the addition of SC layer
significantly increases the capacitance of the sensor and makes the response of the sensor more stable. Similar to
the results obtained for CV, NH»-MIL-125@rGO composite electrode has the largest capacitance, and the obtained
capacitance values are slightly different, which may be due to differences in electrochemical techniques [36]. The
electrical conductivity of GO and rGO was also investigated through EIS experiments (Figure S4b). The results
showed that the low-frequency impedance of rGO was significantly lower than that of GO, indicating that reducing
GO to rGO can enhance the electrical conductivity of the material.

The capacitance is studied. The transduction mechanism of the NH,-MIL-125@rGO SC-ISE is based on
double-layer capacitance at the SC/ISE interface [10]. As shown in Figure 4, there are three interfaces, namely
GC/SC, SC/ISM, and ISM/sample solution, NH,-MIL-125@rGO can be compared to an asymmetric capacitor,
with one side is formed by electronic charges in NH,-MIL-125@rGO and the other side s formed by cations in the
ISM. Among them, ISM plays the role of calcium ion recognition, NH>-MIL-125@rGO has the ability to
converting ion signals into electrical potential signals. Therefore, capacitance is the decisive factor to maintain the
potential stability of SC-ISEs.

GC Transducer ISM Sample

J
J 0
Ca%* J
J J

GC/sC SC/ISM ISM/aq

Figure 4. Transfer mechanism based on double electric layer (EDL) capacitor SC-ISE, including GC/SC, SC/ISM
and ISM/aq interface three phase boundaries.

Studies have shown that water layers can lead to poor long-term potential stability. The electrode is tested in
water layer in the presence or absence of solid contact layer material [37]. The electrodes were immersed in 0.1 M
CaCly, 0.1 M NaCl and 0.1 M CaCl, respectively for water layer test, as shown in Figure 5a. The hydrophobicity
of NH,-MIL-125@rGO/Ca*"-ISE prevented the obvious drift of the electrodes during the transition from NaCl
solution to CaCl, solution. It is evident from Figure S7 that this low potential drift is due to the avoidance of water
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layer accumulation at the SC/ISM interface, which indicates that the water film in NH,-MIL-125@rGO/Ca*"-ISE
is negligible.

To further confirm the hydrophobicity of the composite materials, two water contact angle tests were
conducted on NH,-MIL-125 and NH,-MIL-125@rGO. The results showed in Figure S10 indicate that the water
contact angle of NH»-MIL-125 was 96.40°, while that of NH>-MIL-125@rGO increased to 116.56°, indicating
that the introduction of rGO further enhanced the hydrophobicity of the material. This effectively inhibited the
formation of the interfacial water layer between the solid contact layer and the ion-selective membrane, which was
beneficial for reducing electrode potential drift and improving the long-term stability of the electrode.

Electrode potentials of Ca?"-ISE, NH,-MIL-125/Ca*-ISE, and NH,-MIL-125@rGO/Ca’**-ISE were
measured in 0.1 M CaCl, for 12 h to assess long-term potential stability. As is shown in Figure 5b, the long-term
potential shifts of Ca?"-ISE, NH,-MIL-125/Ca?*-ISE and NH»-MIL-125@rGO/Ca*"-ISE were 12.85 + 0.34 mV-h™!,
4.13+0.13mV-h!'and 66.7+£0.12 pV-h!, respectively (n = 3). The proposed NH,-MIL-125@rGO/Ca**-ISE has
very low long-term potential drift, which is lower than other Ca?*-ISE. This can be attributed to the large double
electric layer capacitance and high hydrophobicity of the composite, which enables fast ion-electron transduction.

Constant current chronopotentiometry was used to analyze the short-term potential stability of the potential
sensor. (Figure 5¢) The capacitance value was accurately obtained according to the formula: AE/At =1/C, where 1
is the applied current (1 nA), At is the applied current time, and C is the capacitance [38]. The potential drift
(AE/At) of NH,-MIL-125@rGO/Ca?*-ISE was only 4.5 + 0.1 uV-s™! (n = 3), which was much greater than that of
NH,-MIL-125/Ca**-ISE (18 uV-s!) and Ca?"-ISM (792 uV-s ), and the calculated capacitance of NH,-MIL-
125@rGO/Ca*"-ISE is 222 uF. The obtained capacitance is higher than SC-ISE most of other double-layer
capacitor materials [18], redox capacitor materials [23] and mixed capacitor materials [39] transducers as shown
in (Table S1). The results showed that the short-term potential stability and capacitance of Ca*"-ISE are
significantly improved when NH»-MIL-125@rGO is introduced as the SC layer.
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> - B > lZSmV
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= = Izsmv
=
I / NH,-MIL-125@rGO/Ca**-ISH
i A: 0.1M CaCl, solution 3 Ca?*-ISE
[ [30mv B: 0.1M NaCl solution [2smv
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12
Time/h Time/h
c [ d lZOmV
[ J20mv i
Light on Light off
I Ca’"-ISE l v
> | E -
% [ NH,-MIL-125/Ca*"-ISE E !
o o e o i o e e | OZ N2
NH,-MIL-125@rGO/Ca*"-ISE |
0 50 100 150 200 0 500 1000 1500 2000
Time/s Time/s

Figure 5. (a) Water layer tests for Ca?*-ISE, NH2-MIL-125/Ca?"-ISE and NH>-MIL-125@rGO/Ca’*-ISE; (b)
Long-term potential stability tests for Ca?*-ISE NH2-MIL-125/Ca?*-ISE and NH2-MIL-125@rGO/Ca**-ISE in 0.1 M
CaCly; (¢) Chronopotentiograms tests for Ca?*-ISE NH2-MIL-125/Ca?"-ISE and NH2-MIL-125@rGO/Ca**-ISE in
0.1 M CaClz; (d) NH2-MIL-125@rGO/Ca>*-ISE anti-interference (light and gas) test at 0.1 M CaCl..
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The effects of light and gas on the electrodes were studied by monitoring the potentials of NH,-
MIL125@rGO/Ca®*-ISE by turning on or off the light and bubbling N», CO; and O, in 1 mM CaCl, solution. No
significant potential drift was observed in NH,-MIL125@rGO/Ca?*-ISE during measurement (Figure 5d). These
results indicate that NH,-MIL125@rGO/Ca**-ISE has excellent resistance to environmental disturbance.

The potential response test of SC-ISE was performed in CaCl, solution with a concentration range of
1071°~107! M. As shown in Figure 6a,b, a potential response was observed over a linear range of 107'~107! M with
a sensitivity of 23.96 mV-dec! (R? = 0.995) and a low detection limit of 10772 M was calculated. The detection
limit was determined from the potentiometric calibration curve using the intersection method. The Nernstian
linear-response region and the low-concentration non-Nernstian region were separately fitted by linear regression,
and the intersection of the two extrapolated lines was defined as the detection limit. The calculation results of Ca?'-
ISE are shown in Figure S5. The results show that the NH-MIL-125@rGO/Ca**-ISE does so even at lower
concentrations. It can be seen that the detection limits are wider than other Ca?*-ISE reported in Table S1 and Table
S2. The excellent stability and sensitivity properties are attributed to the introduction of solid contact layer materials.
The SC-ISE electrode was stored in 10> M CaCl, solution, and the potential potential response of the same SC-ISE
to Ca** was continuously recorded over seven days. As shown in Figure S6, the detection limit and response slope
do not change significantly, which proves that the electrode has good long-term potential stability.

a [ —o— NH,-MIL-125@rGO/Ca?"-ISE /° o NH,-MIL-125@rGO/Ca?"-ISE
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Figure 6. (a,b) Potential response and calibration curves of NH2-MIL-125@rGO/Ca?*-ISE to Ca?" in the concentration
range of 1071°~107! M; (c¢) invertibility tests for NH2-MIL-125@rGO/Ca?*-ISE.

The electrode was repeatedly soaked in 1073~10"" M CaCl, solution for 9 times to obtain reversibility,
measure potential response, and record potential change curve. As can be seen from Figure 6¢, when NH,-MIL-
125@rGO/Ca**-ISE is alternately measured in the three solutions, corresponding potential values can be
maintained at different concentrations. Subsequently, reproducibility of Ca* ions was tested using five different
NH>-MIL-125@rGO/Ca**-ISE electrodes (Figure S8a,b). The stable potential values and calibration curve slope
of 5 different NH,-MIL-125@rGO/Ca**-ISE electrodes have good repeatability. The results show that the NH,-
MIL-125@rGO/Ca*"-ISE electrode has excellent reversibility.

The selectivity of electrode was evaluated by separating solution method [40]. The selectivity coefficient was
calculated as shown in Figure 7a. The selectivity coefficient of the prepared NH-MIL-125@rGO/Ca**-ISE for
Na*, K*, Mg?" and Fe*" was measured, and the potential was measured in the solution of NaCl, KCI MgCl, and
FeCl; at a concentration of 0.01 M. The measured primary and discriminant ions show close to Nernst responses.
NH>-MIL-125@rGO/Ca**-ISE shows high selectivity for interfering ions, and the selectivity coefficient is
consistent with that reported for Ca?*-ISE [41]. In addition, ions may penetrate the ISM into the SC layer, which
may cause the electrode’s potential response to be unstable. When different ionic solutions were added
successively to the solution to be tested, compared with Ca?*-ISE and NH,-MIL125/Ca?"-ISE, NH,-MIL-
125@rGO/Ca**-ISE did not detect significant potential drift (Figure 7b). It indicates that NHp-MIL-
125@rGO/Ca*'-ISE has excellent excellent anti-ion interference performance.

In order to verify the reliability of the prepared NH,-MIL-125@rGO/Ca?"-ISE, the Ca?" concentration in the
actual milk sample was detected and analyzed, and a disposable NH,-MIL-125@rGO/Ca?"-ISE was set up to
measure the calcium in the actual sample. The results of SPE/NH,-MIL-125@rGO/Ca?"-ISE and inductively
coupled plasma mass spectrometry (ICP-MS) were compared to evaluate the feasibility of the electrode. As shown
in Figure 7c, the accuracy of SPE/NH»-MIL-125@rGO/Ca®*-ISE and ICP-MS is basically the same. The solid-
contact calcium ion selective electrode with NH>-MIL-125@rGO as the ion-electron transduction layer has
excellent analytical response performance.
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Figure 7. (a) Selective tests for NH2-MIL-125@rGO/Ca?*-ISE and Ca?*-ISE; (b) lon resistance tests for Ca?'-ISE,
NH2-MIL-125/Ca?*-ISE and NH2-MIL-125@rGO/Ca**-ISE; (¢) Comparison of NH2-MIL-125@rGO/Ca**-ISE
electrode and ICP-MS assay results for detection of Ca®" concentration in four different milk samples labeled 1-4.

4. Conclusions

In summary, NH>-MIL-125@rGO composites prepared by a simple solvothermal method have been
successfully used to produce SC-Ca?"-ISE. The high porosity and large specific surface area of the composite
effectively increase the contact area between the transducer and ISM, which is conducive to reducing the interfacial
resistance and promoting the ion-electron transfer ability. In addition, the prepared NH,-MIL-125@rGO/Ca?*-ISE
has excellent potential stability, and the potential drift is not obvious. The electrode exhibits a wide linear activity
range from 1077 to 107" M with a detection limit of 10772 M, demonstrating excellent Nernstian response and
outstanding potential reproducibility. It is insensitive to light, gases and ions. The method has been successfully
applied disposable screen printed electrode to the detection of actual milk samples which indicated reliable results
compared with ICP-MS. We believe NH,-MIL-125@rGO/Ca?*-ISE has the potential for practical applications in
milk calcium monitoring.

Supplementary Materials

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/26102
21452242206/eChem-26060268-SM.pdf. Figure S1. EDS and mass and atomic percentage elements of NH>-MIL-
125@rGO. Figure S2. Elemental mapping images C, N, O and Ti in the NH,-MIL-125@rGO. Figure S3. (a) XPS
spectra of NH,-MIL-125 and (b,c) XPS spectra of N 1s and O 1s at NH,-MIL-125; (d) XPS spectra of NH,-MIL-
125@rGO and (e,f) XPS spectra of N 1s and O 1s for NH,-MIL-125@rGO. Figure S4. (a) Impedance spectra of
Ca?"-ISE, NH»-MIL-125/Ca*"-ISE and NH>-MIL-125@rGO/Ca*"-ISE in 0.1 M CaCl, aqueous solution. Insets
represent the equivalent electrical circuits. Rs is the resistance of the solution. Rct is the volume resistance of ISM
and the contact resistance between the SC/ISM interface, controlling the semi-circle diameter. CPE is double-layer
capacitance. Zy is the “classical” finite-length Warburg impedance identified with the linear portion of the
impedance spectra that appears at the lower frequencies [1]; (b) Impedance spectra of rGO/Ca?"-ISE and GO/Ca?*'-
ISE. Figure S5. (a,b) Potential response and calibration curves of GC/Ca?*-ISE to Ca*" at concentrations ranging
from 10°~10"! M. Figure S6. Potential response test of Ca®" for seven consecutive days by NH,-MIL-
125@rGO/Ca*"-ISE. Figure S7. Aqueous test curves of (a) Ca?*-ISE and (b) NH,-MIL-125/Ca**-ISE and (c¢) NH,-
MIL-125@rGO/Ca*-ISE in 0.1 M CaCl, or 0.1 M NaCl solution (red lines are horizontal lines, The black line is
the test line). Figure S8. (a) NH,-MIL-125@rGO/Ca®*-ISE electrode potential response diagram repeated 5 times
in 107'~10™* M CaCl, solution and (b) potential calibration curve. Figure S9. (a) TEM images of NH,-MIL-125
and (b) NH>-MIL-125@rGO. Figure S10. Water contact angle of (a)NH,-MIL-125 and (b) NH,-MIL-125@rGO.
Table S1. Comparison of the potentiometric performance of the NH-MIL-125@rGO based Ca?"-ISEs with the
reported other materials Ca?"-ISEs. Table S2. Detection limits comparison of Ca*"-ISE based on NH»-MIL-
125@rGO with solid contact ion-selective electrodes constructed with other MOF’s composites. Table S3. The best
equivalent circuit and the corresponding parameters for the developed electrodes were as follows. References [42—46]
are cited in supplementary materials.
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