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Fig. S1 Three-electrode electrochemical cell for the fabrication of ZIF-67 film on 

ITO/PET substrate. 

(Working electrode (WE): ITO/PET substrtate, Reference electrode (RE): Ag/AgCl and 

Counter electrode (CE): platinum wire) 

(Electrolyte solution: 10 ml 0.099 M Co(NO3)2⋅6H2O and 40 ml 1.75 M HMim) 

 

 

 

Table S1 Volumes of HNO3 and NaOH used to adjust solution pH. 



pH Volume of HNO3(ml) 
Volume of 

NaOH(ml) 

7 2.7 - 

8 1.6 - 

9 0.8 - 

11.6  0.075 

12.5  0.11 

 

Table S2 Matrix developed for investigated molar ratio of ZIF-67 solution reactants. 

 

 

 

Linker/metal 

molar ratio 
Concentration (M) Conductivity (µS/cm) pH 

1 

HMim: 1.75 

34,720±140 7.17±0.07 

4 10,300±7.07 8.79±0.13 

6 7,718±2.83 9.15±0.01 

8.83 5,430±0.71 9.28±0.07 

16 3,285±0.71 9.57±0.07 

25 2,106±1.41 9.76±0.07 

35.34 1,582±0.71 9.85±0.07 

70.68 903.5±0.71 10.11±0.07 

1 

Co(NO3)2 : 0.099 

3,323±8.49 8.39±0.07 

4 3,072±2.83 9.13±0.07 

6 2,952±17.7 9.33±0.07 

8.83 2,918±7.07 9.36±0.07 

16 2667±2.33 9.73±0.07 

25 2315±11.3 9.94±0.07 

35.34 1947±1.41 10.05±0.07 

70.68 Over the solubility limit of HMim in water 



 

 

Fig. S2 Effect of molar ratio on the reaction solution pH and conductivity at fixed a. 

 HMim concentration= 1.75 M and b. Co nitrate concentration= 0.099 M. 

 

1.1. Statistical analysis 

Standard deviations were calculated and included with all data presented in the current study. 

Also, as correlation coefficients describing the strength and direction of an association between 

variables, Pearson and Spearman correlations along with their associated p-values were 

calculated. Pearson and Spearman correlations are considered as the most frequently used 

correlation indices. The first one measures the linear relationship between two continuous 

random variables and is adopted when the data follows a normal distribution while the second 

one measures any monotonic relationship between two continuous random variables and is 

adopted when the data do not follow a normal distribution; both range from -1 to 1 [1].  

(a) HMim = 1.75M 

(b) Co(NO3)2 = 0.099M 



The Pearson correlation can be calculated through: 

𝑟 =
∑(𝑥𝑖−𝑥̅)(𝑦𝑖−𝑦̅)

√∑(𝑥𝑖−𝑥̅)2 ∑(𝑦𝑖−𝑦̅)2 
                                                                                                          Eq. 1 

Where:  

 

𝑟 is the Pearson’s correlation coefficient, 𝑥𝑖 is value of x in a sample, 𝑥̅ is the mean value of x, 

𝑦𝑖 is value of y in a sample and 𝑦̅ is the mean value of y. 

The Spearman correlation can be calculated through: 

𝜌 = 1 −
6 ∑ 𝑑𝑖

2

𝑛(𝑛2−1)
                                                                                                                     Eq. 2 

Where:  

 

𝜌 is the Spearman’s correlation coefficient, d is difference between the two ranks of each 

observation and n is number of observations. 

The p-value for the data sets was then calculated through: 

p-value= P(TǀH0)                                                                                                                   Eq. 3 

where: 

P is probability, T is testing results indicating the null hypothesis is not true, ǀ given that and H0 

null hypothesis is true.  

The P stands for probability and indicates how probable it is that any observed variation 

between groups is the result of chance. As a probability, P can have any value between 0 and 

1. Values near to zero (less than 0.05) imply that the observed difference is unlikely to be 

attributable to chance (statistically significant), whereas a P value close to one indicates that 

there is no difference between the groups other than by chance [2]. 

The relation between different variables such as applied potential, molar ratio, crystal size and 

surface coverage were fitted to obtain mathematical expressions using Engineering Equation 

Solver (EES) software. 

 

 

 

 

 



Fig. S3 shows a plot of the effect of molar ratio (fixed Cobalt nitrate concentration) on the 

measured solution pH and conductivity. It can be noticed that the relation between the molar 

ratio and conductivity is perfectly linear while it is not in case of pH, hence Pearson’s 

correlation coefficient was calculated for the former while Spearman’s correlation coefficient 

was calculated for the latter.  

Fig. S4 shows a plot of the effect of molar ratio (fixed HMim concentration) on the measured 

solution pH and conductivity. It can be noticed that the relation between all the variables is 

non-linear, hence Spearman’s correlation coefficient was calculated. 

Values of Spearman’s correlation coefficients are shown in Table S3 in which a very small p-

value was calculated. 

Such significantly low p-values is statistically significant which means that there negligible 

probability that the relationship between molar ratio of reactants, solution conductivity and 

solution pH might have happened by chance and there is a strong relation between the variables. 

Proposed mathematical expression to fit the relation between molar ratio (constant cobalt 

nitrate concentration) and solution conductivity (Eq. 4) and molar ratio (constant cobalt nitrate 

concentration) and solution pH (Eq. 5).  

Y= 3257.467 - 37.512X                                                                                                        Eq. 4 

Z= 8.431 + 0.463LN(X)                                                                                                       Eq. 5 

The relation between molar ratio (constant HMim concentration) and solution conductivity and 

pH is shown in Eq. 6 and 7. 

Y= 34935.926X-0.862                                                                                                              Eq. 6 

Z=7.651+ 0.65LN(X)                                                                                                           Eq. 7 

Where Y is solution conductivity, X is molar ratio and Z is the solution pH. The fitting of the 

experimental data is shown in Fig. S5 and S6 where good agreement between the experimental 

data and proposed expressions can be observed. 

Fig. S3 Linear fitting of molar ratio (fixed Cobalt nitrate) with a. conductivity and b. pH 

of ZIF-67 reaction solution. 

b) 
a) 



Fig. S4 Linear fitting of molar ratio (fixed HMim) and a. conductivity and b. pH of ZIF-

67 reaction solution. 

Table S3 Spearman/Pearson correlation coefficients and p-value for relation between 

molar ratio, solution conductivity and solution pH. 

 

 

 

 

 

 

 

Fig. S5 Proposed fitting of molar ratio (fixed Cobalt nitrate) relation with a. 

conductivity and b. pH of ZIF-67 reaction solution. 

  

Fixed cobalt nitrate 

 Molar ratio-

conductivity 

Molar ratio-

pH 

Spearman's rank/Pearson’s 

correlation coefficient  

-0.993 1 

P-value 7.8E-06 1.9E-05 

Fixed HMim 

Spearman's rank/Pearson’s 

correlation coefficient  

-1 1 

P-value 2.5E-06 2.5E-06 

a) b) 

a) b) 



Fig. S6 Proposed fitting of molar ratio (fixed HMim) relation with a. conductivity and b. 

pH of ZIF-67 reaction solution. 

 

Table S4 Volumes of HNO3 and NaOH used to adjust solution pH of molar ration=1 

(MR1) and molar ration=16 (MR16). 

 

 

 

 

 

 

 

 

 

Fig.S7 Variation of concentration of reactant during non-steady-state electrolysis. 

 

 

 

 

 

 

MR 
pH before 

adjustment 

pH after 

adjustment 
Volume of HNO3(ml) 

Volume of 

NaOH(ml) 

1 8.39 12 - 0.2 

16 9.73 8 1.1 - 

a) b) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S8 Effect of applied potential on the change rate in current density (dI/dt) 
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a) -0.3V 
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Fig. S9 SEM images of ZIF-67 films at potentials a. -0.3V, b. -0.35V, c. -0.4V, d. -0.45V, 

e. -0.5V, f. -2V and g. -3V for 10 min. 

 

g) -3V 

1µm 

d) -0.45V 

1µm 

c) -0.4V 

1µm 

e) -0.5V 

1µm 1µm 

f) -2V 



 

 

 

 

 

 

 

 

 

 

 

 

Fig. S10 FTIR spectrum of formed ZIF-67 film at applied potentials between -0.25 to-5 

V for 10 min. 

 

 

 

 

 

 

 

Fig. S11 Images of formed ZIF-67 films and substrates at different potentials higher 

than -0.8V for 10 min. 

C=N 

C=C 
C-N 

Co-N 

a)  



Fig. S12 Wide scan XPS survey spectra of electrodeposited ZIF-67 film developed at 

different applied potentials (a. -0.2V to -0.6V and b. -0.8V to -5V) for 10 min. 

(Red arrows to highlight the Sn and In peaks from conductive ITO) 

 

 

Fig. S13 shows a plot of the effect of applied potential on the surface coverage and crystal size 

of electrodeposited ZIF-67. It can be noticed that the relation between the variables is not 

perfectly linear, hence Spearman’s correlation coefficient was calculated. Values of Spearman’s 

correlation coefficients are shown in Table S5 in which a significantly low p-value was 

calculated. 

Such low p-values is statistically significant which means that there is a negligible probability 

that the relationship between applied potential, surface coverage and crystal size of 

electrodeposited ZIF-67 might have happened by chance.  

Proposed mathematical expression to fit the relation between applied potential and crystal size 

(Eq. 8) and applied potential and surface coverage (Eq. 9). 

Y=0.683+ 0.981X+ 0.623X2                                                                                                Eq. 8 

Z=-79.673 - 666.585X - 1289.79X2 - 814.517X3                                                                 Eq. 9 

Where Y is crystal size (µm), X is applied pressure (V) and Z is the surface coverage (%). The 

fitting of the experimental data is shown in Fig. S14 where good agreement between the 

experimental data and proposed expressions can be observed. 

b)  



  

a) b) 



Fig. S13 Linear fitting of applied potential with a. crystal size and b. surface coverage of 

electrodeposited ZIF-67 film. 

Table S5 Spearman correlation coefficient and p-value for relation between applied 

potential, crystal size and surface coverage. 

 Applied potential-

Crystal size 

Applied potential-

Surface area 

Absolute Spearman's rank correlation 

coefficient  

0.98 0.98 

P-value 3.1E04 3.1E04 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S14 Proposed fitting of applied potential with a. crystal size and b. surface coverage 

of electrodeposited ZIF-67 film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S15 SEM images of ZIF-67 films at different molar ratio between 16-70 a. MR 16, 

b. MR 25, c. MR 35 and d. MR 70 (HMim concentration= 1.75 M) at -0.8V for 10 min. 

 

 

 

 

  

b) MR 25 

1µm 1µm 

a) MR 16 

1µm 

c) MR 35 

1µm 

d) MR 70 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S16 SEM images of ZIF-67 films at different molar ratios a. MR 1, b. MR 25 and c. 

MR 35 (cobalt nitrate concentration= 0.099 M) at -0.8V for 10 min. 

 

 

Fig S17 SEM images of HMim. 

100 µm 10 µm 

b) MR 25 

1µm 

1µm 

c) MR 35 

a) MR 1 

1µm 



Fig. S18 SEM images of Cobalt nitrate hexahydrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S19 FTIR spectrum of formed ZIF-67 powders at different molar ratios at fixed a. 

HMim and b. cobalt nitrate concentrations at -0.8V for 10 min. 

100 µm 10 µm 

b) Co(NO3)2 = 0.099 M 

a) HMim = 1.75 M 



Fig. S20 shows the wide scan and high-resolution scans of Co, N, C and O of the ZIF-67 

developed using a reaction solution with a MR 8.8 at -0.8 V for 10 min (HMim concentration= 

1.75 M). The high-resolution XPS spectrum for C 1s was attributed to peaks corresponding to 

binding energies (BE) of carbon in a functional group such as to sp2-C, C–N, N-C=O, C=O 

and carboxyl groups (O=C–O) [3, 4]. The fitted N 1s spectra was attributed to 4 peaks 

corresponding to binding energies (BE) of nitrogen in a functional group such as, nitrite, 

quaternary nitrogen, Co–N, and pyrrolic nitrogen, respectively. The formation of the Co–N 

bond is characteristic feature for the formation of ZIF-67 as indicated from FTIR spectrum. 

The XPS spectrum of Co 2p3/2 was segmented into 4 peaks, representative of Co3+, CoO, Co–

Nx, and satellite. Thus, the XPS result confirms the coexistence of cobalt and nitrogen bond in 

the well-structured ZIF-67. The O 1s can be deconvoluted into 4 peaks corresponding to be 

adsorbed O, C-OH (hydroxyl), C-O-C (epoxy), and carbonate structures.  

 



Fig. S20 XPS survey spectrum (a. wide scan and d. high-resolution scans of Co, N, C 

and O) of ZIF-67 powder collected at -0.8 V for 10 min for MR 8.8 (HMim 

concentration= 1.75 M). 

  

(Co) 
b) 

(N) 

a) 

(C) 
(O) 



 

Fig. S21 XPS survey spectrum (a. wide scan and d. high-resolution scans of Co, N, C 

and O) of ZIF-67 powder collected at -0.8 V for 10 min for MR 8.8 (cobalt nitrate 

concentration= 0.099 M). 

 

 

 

(Co) (N) 

(C) (O) 
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Fig. S22 Wide scan XPS survey spectra of ZIF-67 powders collected at different molar 

ratios (a. HMim concentration= 1.75 M and b. cobalt nitrate concentration= 0.099 M) at 

-0.8V for 10 min. 

  

a) 

b) 



 

 

Fig. S23 Cyclic Voltammetry of ZIF-67 solutions on ITO/PET substrate. 

 

Fig. S24 shows a plot of the effect of molar ratio (fixed HMim concentration) on the surface 

coverage and crystal size of electrodeposited ZIF-67. It can be noticed that the relation between 

the molar ratio and crystal size is perfectly linear while it is not in case of surface coverage, 

hence Pearson’s correlation coefficient was calculated for the former while Spearman’s 

correlation coefficient was calculated for the latter. Values of Spearman’s and Pearson’s 

correlation coefficients are shown in Table S6. 

Such significantly low p-values is statistically significant which means that there is a negligible 

probability that the relationship between molar ratio of reactants, surface coverage and crystal 

size might have happened by chance and there is a strong relation between the variables. 

Proposed mathematical expression to fit the relation between molar ratio (constant HMim 

concentration) and surface coverage (Eq. 10) and crystal size (Eq. 11).  

Y= 31.943 - 0.742X + 0.006X2                                                                                           Eq. 10 

Z= 0.276 + 0.007X                                                                                                              Eq. 11 

Where Y is surface coverage, X is molar ratio and Z is the crystal size. The fitting of the 

experimental data is shown in Fig. S25 where good agreement between the experimental data 

and proposed expressions can be observed. 

  

 



 

Fig. S24 Linear fitting of molar ratio (fixed HMim) with a. crystal size and b. 

surface coverage of electrodeposited ZIF-67 films. 

 

Table S6 Spearman correlation coefficient and p-value for relation between molar ratio 

(fixed HMim concentration), crystal size and surface coverage. 

 Molar ratio-Crystal 

size 

Molar ratio-Surface 

area 

Spearman's rank correlation coefficient  0.98 -1 

P-value 2.38E-03 1.20E-03 
 

Fig. S25 Proposed fitting of molar ratio (fixed HMim) with a. crystal size and b. surface 

coverage of electrodeposited ZIF-67 films. 

 

 

 

 

 

Fig. S26 Electrodeposited ZIF-67 films at -0.8 V for 10 min at various solution pH 

values. 

pH 7 pH 8 pH 9 pH 10 pH 11.6 pH 12.5 

a) b) 

a) b) 



 

 

 

 

 

 

 

Fig. S27 Separation of ZIF-67 crystals from reaction solution for 10 min at -0.8 V at 

solution pH of a. 11.6 and b. 12.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S28 FTIR spectrum of electrodeposited ZIF-67 a. films and b. powders at various 

solution pH at -0.8 V for 10 min. 

ZIF-67 crystals 

(a) pH=11.6 

ZIF-67 crystals 

(b) pH = 12.5 

a) 

b) 
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(C) (Co) 

(N) (O) 
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Fig. S29 XPS survey spectrum (a. wide scan and d. high-resolution scans of Co, N, C 

and O) of ZIF-67 powder collected at reaction solution pH of 11.6 at -0.8 V for 10 min. 
 

 

 

 

 

 



 

Fig. S30 Wide scan XPS survey spectra of ZIF-67 powders collected at various solution 

pH at -0.8 V for 10 min. 
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