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Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy of M3HHTP2 

Materials 

Figure S1. SEM results and accompanied EDX analysis collected for the (A) Cu3HHTP2 MOF, 

(B) Ni3HHTP2 MOF, and (C) Co3HHTP2 MOF. SEM revealed the assembly of M3HHTP2 

conductive MOFs into nanocrystalline structures while EDX confirmed the presence of organic-

inorganic hybrid materials as reported for other HHTP based MOFs.
1
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Powder X-ray Diffraction (pXRD) of M3HHTP2 MOFs  

 

 

Figure S2. Experimental (colored) and simulated slipped parallel powder X-Ray Diffraction 

patterns without the presence of interpolated layer obtained for bulk Cu3HHTP2, Ni3HHTP2 and 

Co3HHTP2 MOFs. The observed pXRD patterns of Cu3HHTP2, Ni3HHTP2, and Co3HHTP2 

MOF are consistent with previous reports.
1,2
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X-ray Photoelectron Spectroscopy (XPS) of M3HHTP2 MOFs 

 
Figure S3. XPS spectra obtained for the Co3HHTP2 MOFs. (A) Energy survey scan. High-

resolution spectrum in the O 1s (B), and Co 2p3 (C) regions.  
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Figure S4. XPS spectra obtained for the Ni3HHTP2 MOFs. (A) Energy survey scan. High-

resolution spectrum in the O 1s (B), and Ni 2p3 (C) regions.  
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Figure S5. XPS spectra obtained for the Cu3HHTP2 MOFs. (A) Energy survey scan. High-

resolution spectrum in the O 1s (B), and Cu 2p3 (C) regions.  

The XPS spectra confirmed the presence of O and C along with the respective metals 

(Co, Cu and Ni) used for the preparation of M3HHTP2 MOFs and revealed that all materials are 

charge neutral, similarly to other literature reports on the M3HITP2 MOF analogs.
3,4

 High-

resolution XPS analysis further demonstrated that after washing with water and acetone, no 

traces of the precursors were detected in the M3HHTP2 MOFs indicating the absence of 

potentially charge-balancing counter-ions. 
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In the high-resolution scan of Co 2p3 region, we observed two sets of peaks with binding 

energies of ~780 and ~795 eV, which describe the 2p3/2 and 2p1/2 levels in the theoretically 

expected 2:1 ratio.
5,6

 Further deconvolution of the 2p3 region revealed the presence of four 

distinct bands: the peaks at 781.4.2 and 794.1 eV were ascribed to Co
II
, while the peaks found at 

785.5 and 802.0 eV were assigned to Co
III 

(28% of Co
I
 and 72% of Co

III
, Figure S3). These 

findings indicate mixed valency in Co3HHTP2 MOFs, which are in good agreement with other 

studies on the cobalt based MOFs.
5,6

 High-resolution XPS analysis of Cu3HHTP2 MOFs also 

showed the presence of two peaks at 932.8 and 934.6 eV, which can be ascribed to Cu
I
 and Cu

II
 

centers (55% of Cu
I
, and 45% of Cu

II
), respectively, and similarly to Co3HHTP2 MOFs, are 

indicative of mixed valency within the framework (Figure S5).
3,7

 The high-resolution scan of the 

Ni 2p region showed the presence of two peaks with binding energies of ~851 and ~870 eV, 

were assigned to the 2p3/2 and 2p1/2 levels, respectively (Figure S4).
8,9

 The lack of charge-

balancing counterions in the Cu3HHTP2 and Co3HHTP2 MOFs indicates that the variation from 

the 2+ oxidation state of the metal is compensated by the redox-active HHTP ligands, which are 

known to be able to accommodate a wide range of redox states. High-resolution spectrum of the 

Ni 2p region revealed only a single type of Ni, further confirming that no extraneous Ni
2+

 ions 

are present within the analyzed samples. As such species are the only possible cations that could 

potentially balance a negatively charge material, these finding are thus strongly indicative of 

charge neutrality within Ni3HHTP2. Moreover, deconvoluted high resolution spectrum for O 1s 

revealed the presence of two different environments ~531 eV and ~532 eV, which were assigned 

to C-O and C=O, respectively. These two distinct types of O are expected for a charge neutral 

molecule in which the HHTP ligand can adapt semiquinone and quinone structures (Figure 1).  
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Interferometry of GCE/ MOF Electrodes 

 
 

Figure S6. Interferometer data for the GCE/M3HHTP2 MOF (M = Co, Ni, Co) electrodes 

prepared by drop casting 10 µL of  Ni3HHTP2-MOF suspension (1 mg/mL) onto top of glassy 

carbon electrodes electrodes. The difference in height between the blue and red regions were 

used to calculate thickness of the MOF layer. 
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Interferometry of GCE/Ni3HHTP2 MOF Electrodes 

 

Figure S7. Interferometer data for the GCE/MOF electrodes prepared by drop casting A) 2 µL, 

B) 5 µL and C) 10 µL of  Ni3HHTP2-MOF suspension (1 mg/mL) onto top of glassy carbon 

electrodes electrodes. The difference in height between the blue and red regions were used to 

calculate thickness of the MOF layer. 
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Cyclic Voltammetry of MOFs Deposited on Glassy Carbon Electrode 

 

Figure S8. Cyclic voltammogram obtained for the glassy carbon electrode coated with 60 µm 

layer of (A) Ni3HHTP2, (B) Co3HHTP2, and (C) Cu3HHTP2 MOFs. Experimental parameters – 

scan rate: 50 mV/sec, background electrolyte: 0.1 M KCl and scanning range: -0.5 V to 0.5 V. 

The arrow indicates scan direction. 

 

Electrochemical capacitors can store electrical energy by the i) electrochemical double 

layer in which charge accumulates at the interface between the electrodes and the electrolyte; or 

ii) through series of faradic reactions at the surface of electrode materials.
10

 Most importantly, in 

the electrochemical double layer capacitors, there is no electron flow between the solution and 

the electrode, whereas the interfacial electron transfer between the solution and the electrode, 

also better known as pseudocapacitance, is observed in the latter example. Therefore, the 

deliberate introduction of pseudocapacitive components may provide higher capacitance and thus 

result in more stable potentiometric response. 

Cycling voltammetry of M3HHTP2 MOFs (Figure S8) drop-cast onto GCE revealed the 

presence of one anodic peaks at 0.14 V and two cathodic redox waves at -0.02 V and -0.13 V in 

Ni3HHTP2, and two anodic peaks at -0.14 V and 0.13 V , together with two cathodic redox waves 

at -0.01 V and -0.34 V indicating the presence of faradic processes in the studied materials. 

While no faradic reactions were observed for GCE/Co3HHHTP2 electrdoes supporting the 

hypothesis that double layer charing is the primary mechanism responsible for the large 

capacitance of this material. This observed redox processes recorded for the Ni3HHTP2 and 

Cu3HHTP2 could originate from: i) redox activity of the metal centers or/and ligand within the 
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MOF network;
11

 ii) co-existence of several active redox states due to the presence of defects in 

the MOF lattice (e.g., exposed-edges);
12

 and iii) redox active impurities that are embedded within 

the coordination network. PXRD and XPS data together (Figure S2-S5), demonstrated that no 

metallic impurities/external species are present within the analzyed M3HHTP2 MOFs and thus 

they are not responisble for the observed redox activity. We hypotehsize that the observed redox 

transformations are due to the redox active nature of the ligand, as reported for the HHTP 

molecular precursors,
13

 which partially contributes to the overall recorded capacitance through 

the presence of pseudocapacitance. In the case of Cu3HHTP2, the presence of reversible redox 

waves indicate that the capacitive response of this MOF mainly proceeds through 

oxidation/reduction of the MOF. In light of these observations, the ion-to-electron transduction 

process may proceed through i) the formation of the electrical double layer in which one side 

carries charge in the form of ions, e.g., cations or anions from the ion-selective membrane, while 

the other side of the capacitor is formed by electrical charge - electrons or holes present in the 

solid contact; ii) reversible oxidation/reduction (doping/undoping) of the MOF based transducer. 

 In the former situation, the interfacial potential at the ion selective membrane and MOF 

interaface is solely defined by the quantity of charge stored at the electrical double layer rather 

than by ion partitioning or redox reactions. Therefore, we anticipate that by using highly porous 

materials such as M3HHTP2 MOFs the interfacial contact between the polymeric membrane and 

the electrode will be increased giving rise to higher value of capacitance and thus support the 

hypothesis that singal transduction in Ni3HHTP2 and Co3HHTP2 mainly proceeds through the 

formation of electrical double layer as observed for other porous materials. This proposed 

transudction mechanism may be additionally supported by the XPS and PXRD evidence that 

revealed charge neautratility in M3HHTP2 MOFs and lack of extranious associated counter-ions 
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that could potentially participate in the ion-to-electron transduction process through the 

oxidation/reduction of the MOF based transducer. While, second transduction mechanism may 

be dominant in the Cu3HHTP2 MOFs in which reversible redox reaction of the MOF film would 

ensure stable interfacial potential. 

Electrochemical Impedance Spectroscopy of GCE/Ni3HHTP2 MOF at Different Applied 

Potentials 

 

 

Figure S9. (Left) Impedance spectrum obtained for the electrodes at three different applied 

potenitals (0.0 V – blue circles; 0.3 V – black squares; and -0.3 V red triangles) with drop cast 

Ni3HHTP2 MOF layer (2 µL aliquot of MOF solution - 20 µm thickness). (Right) Zoomed in 

representation of the high frequency impedance data for the same electrode configuration (100 

kHz – 3 Hz). No significant difference in response characteristics was obsereved for the studied 

electrodes. This demonstrates that the total capacitance of the system is indepentend of the 

faradic process observed during cyclic voltammetry measurements. Frequency range: 100 kHz – 

10 mHz; amplitude potential: 0.01 V; solution: 0.1 M KCl.  
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Potentiometric Resposnes Obtained for the ISEs Containg M3HHTP2 MOFs as Underlying 

Conductive Layer. 

 

 

 

Figure S10. Potentiometric responses of M3HHTP2 based ISE for K
+
-ISM-II. In this electrode 

configuration, either Ni3HHTP2 (A), Co3HHTP2 (B) or Cu3HHTP2, (C) 10 µL of Ni3HHTP2-MOF 

suspension was drop cast directly onto the glassy carbon electrode and then the resulting 

conductive layer was covered with potassium selective polymeric membrane (10 µL of the K
+
-

ISM-II membrane solution as described in the ‘Preparation of K
+
 and NO3

-
 sensing membranes’). 

The slopes obtained for the Ni3HHTP2 MOF/K
+
-ISM-II, Co3HHTP2 MOF/K

+
-ISM-II, and 

Cu3HHTP2 MOF/K
+
-ISM-II were 55.1 ± 1.2 mV/decade, 56.2 ± 1.0 mV/decade and 52.6 ± 2.1 

mV/decade, respectively. 

 

Potentiometric Slopes Obtained for Various Cations and Anions During Selectivity 

Measurements of Potassium and Nitrate Selective Electrodes. 

 

Figure S11. Potentiometric responses of glassy carbon electrodes coated with Ni3HHTP2 and 

then covered with the NO3
-
-ISM for various cations: Cl

- 
(green diamonds), NO3

- 
(red squares), 

Br
- 
(black triangles) and SO4

2- 
(grey circles). 

 



 S-15 

 

 

Figure S12. Potentiometric responses of glassy carbon electrodes coated with Ni3HHTP2 and 

then covered with the K
+
-ISM-II for various cations: K

+ 
(blue circles), NH4

+ 
(green diamonds), 

Na
+ 

(black triangles) and Ca
2+ 

(grey squares). 

 

 

Figure S13. Potentiometric responses of glassy carbon electrodes coated with Ni3HHTP2 and 

then covered with the K
+
-ISM-I for various cations: K

+ 
(blue circles), NH4

+ 
(green diamonds), 

Na
+ 

(black triangles) and Ca
2+ 

(grey squares). 

 

 

 

 

 

 

 

 

 

 



 S-16 

Selectivity Coefficients and Experimental Slopes Obtained for K
+
 and NO3

-
-ISEs 

 

Table S1. Selectivity coefficients and experimental slopes obtained for K
+
-ISM-II containg 

Ni3HHTP2 MOF as underlying conductive layer. (K
+
 slope = 55.4 ± 0.8 mV). 

Cation Ca
2+

 Na
+
 NH4

+
 

log K
POT

 -3.28 ± 0.02 -0.86 ± 0.10 -0.82 ± 0.05 

Slope [mV] 24.3 ± 1.9 55.7 ± 1.7 54.4 ± 2.1 

 

Table S2. Selectivity coefficients and experimental slopes obtained for NO3
-
-ISM electrodes 

containg Ni3HHTP2 MOF as underlying conductive layer (NO3
-
 slope = -56.3 ± 0.5 mV). 

Cation SO4
2-
 Cl

-
 Br

-
 

log K
POT

 -3.15 ± 0.01 -1.82 ± 0.01 -0.48 ± 0.05 

Slope [mV] -28.7 ± 0.9 -55.2 ± 1.3 -55.0 ± 1.0 

 

Table S3. Selectivity coefficients and experimental slopes obtained for K
+
-ISM-I containg 

Ni3HHTP2 MOF as underlying conductive layer. (K
+
 slope = 57.3 ± 0.2 mV). 

Cation Ca
2+
 Na

+
 NH4

+
 

log K
POT

 -5.46 ± 0.09 -4.10 ± 0.01 -2.12 ± 0.05 

Slope [mV] 25.1 ± 0.9 51.0 ± 0.5 55.9 ± 1.0 
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Short-term Stability Measurement of NO3
-
-ISM Electrodes with Drop-cast Layer of 

Ni3HHTP2 MOF. 

 

Figure S14. Short term stability of GCE/MOF/NO3
-
-ISM immersed in 1.0 x 10

-3
 M NH4NO3. 

Good potential stability with minimal drift was recorded for the electrodes with Ni3HHTP2 used 

as ion-to-electron transducer. The electrodes were prepared according to the protocols described 

in the Experimental section. 

 

Long-term Stability Measurement of NO3
-
-ISM Electrodes with Drop-cast Layer of 

Ni3HHTP2 MOF. 

 

Figure S15. Long term stability of GCE/MOF/NO3
—

ISM electrodes immersed in 1.0 x 10
-3

 M 

NH4NO3. Minimal change in standard potential (~ 10 mV ± 3) was recorded for the electrodes 

with Ni3HHTP2 used as ion-to-electron transducer. The electrodes were stored in ultra-pure water 

for 25 days prior to the potentiometric experiments. The deterioration in the detection limits of 

these electrodes could attributed to leaching of membrane components from the polymeric matric 

into the sample solution during storage. The electrodes were prepared according to the protocols 

described in the Experimental section. 
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Light Stability of K
+
-ISM-II Electrodes with Drop-cast Layer of Ni3HHTP2 MOF. 

 

Figure S16. Light stability of GCE/MOF/K
+
-ISM-II electrode immersed in 1.0 x 10

-3
 M KCl. 

Minimal potential drift was observed for the electrodes with Ni3HHTP2 used as ion-to-electron 

transducer upon switching the room lights on and off.   

Powder X-ray Diffraction (pXRD) of M3HHTP2 MOFs After Potentiometric Measurments. 

 

 

Figure S17. Experimental (colored) and simulated slipped parallel powder X-Ray Diffraction 

patterns without the presence of interpolated layer obtained for Cu3HHTP2, Ni3HHTP2 and 

Co3HHTP2 MOFs after potentiometric measurements with K
+
-ISM-II electrodes. The observed 

pXRD patterns of Cu3HHTP2, Ni3HHTP2, and Co3HHTP2 MOF matched those of bulk powder 

and are consistent with previous reports.
1,2

 These findings indicate that the crystallinity of the 

MOF is retained both during and after analytical measurements. 
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Contact Angle of Water on the Surface of Ni3HHTP2 Coated Electrodes. 

 

 

Figure S18. Contact angle image of 2 µL of water placed on top of Ni3HHTP2 coated glassy 

carbon electrode (GCE/Ni3HHTP2 MOF). 
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