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Figure S1. 1H NMR (298K, 300 MHz, D2O) of 1-(3-hydroxypropyl)-3-methyl-1H-imidazol-3-

ium chloride, [MeImH(CH2)3OH]Cl (1).S1 

 

Figure S2. 13C{1H}-APT  NMR (298K, 75 MHz, D2O) of 1. 
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Figure S3. IR spectrum of 3-(1-(2-hydroxyethyl)-1H-imidazol-3-ium-3-yl)propane-1-

sulfonate, [HO(CH2)2ImH(CH2)3SO3] (2).S2 

 

Figure S4. 1H NMR (298K, 75 MHz, MeOD) of 2.  
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Figure S5. 13C{1H}-APT  NMR (298K, 75 MHz, MeOD) of 2.  

 

Figure S6. 1H-PRESAT NMR (298K, 75 MHz, acetone-d6) of CNT-1.  
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Figure S7. 1H-PRESAT NMR (298K, 75 MHz, D2O) of CNT-2.  

 

Figure S8. 1H NMR (CDCl3) spectrum of  [IrCl(cod){MeIm(CH2)3OH}] (1-Ir). 
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Figure S9. 13C{1H} (CDCl3) spectrum of [IrCl(cod){MeIm(CH2)3OH}] (1-Ir). 

  

Figure S10. IR spectrum of [(CH3)ImH(CH2)3SO3] (3). 
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Figure S11. IR spectrum of  [Ir(cod){MeIm(CH2)3SO3}] (3-Ir). 

 

Figure S12. 1H NMR (metanol-d4) spectrum of  [Ir(cod){MeIm(CH2)3SO3}] (3-Ir). 
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Figure S13. 13C{1H} NMR (metanol-d4) spectrum of [ [Ir(cod){MeIm(CH2)3SO3}] (3-Ir). 

 

Figure S14. 1H/13C-hsqc NMR (metanol-d4) of  [Ir(cod){MeIm(CH2)3SO3}] (3-Ir). 
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XPS characterization of CNT-2 

 

The binding energy profiles were deconvoluted as follows: undamaged structures of sp2- 

Hybridised carbon (284.5 eV), damaged structures or sp3-hybridised carbon (285.5 eV), C-O 

groups (286.5 eV), C=O groups (287.7 eV) and COOH groups (288.7 eV). S3 Figure S14 

depicts de XPS C1s deconvuloted curves of CNT-1 and CNT-2. 

 

 

Figure S15. XPS C1s spectra and peak deconvolution analyses of CNT-1 and CNT-2.  

 

 

Table S1. Elemental analysis and XPS data of parent and functionalized CNT samples. 

a Determined by elemental analysis (wt.%). b Atomic percentage. c Atomic carbon/oxygen ratio. 
d Deconvolution bands of the XPS C1s peak. e X = O, N, S. f S elemental analysis content of 

2.57 wt.%, and 1.6 % as S atomic percentage. 

 

 

 

Sample Ca Ha Na N1sb C/Oc Csp2d Csp3d C-Xe C=Od COOd COORd 

CNT 78.02 0.9 0.1 0.4 3 64.4 17.1 7.0 3.2 5.4 2.8 

CNT-1 71.21 2.09 1.75 1.53 6 60.3 16.7 9.6 3.5 4.7 5.3 

CNT-2f 74.83 1.87 1.84 2.59 7 50.6 19.4 17.5 4.4 3.8 4.3 
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TGA characterization of CNT-1, CNT-2, and CNT-2-Ir 

 

Thermogravimetric analyses (TGA) of the materials were performed in a TA SDT 2960 

analyzer thermobalance. The procedure was as follow: 5 mg of sample was heated in the 

thermobalance at 10 ºC min-1 to 1000 ºC using a nitrogen:air flow (1:1) of 200 mL min-1. The 

molar percentage of imidazole introduced into the carbon nanomaterials can be estimated by 

quantifying, from the TGA profiles, the weight loss percentage in the range below 400 ºC, 

according to the method described in the literature.S4  

 

 

 

 

 

 

 

 

 

Figure S16. TGA curves of CNT-1, CNT-2 (left) and CNT-2-Ir (right)  

 

 

TEM characterization of CNT, CNT-1-Ir, CNT-2-Ir and EDX of CNT-2-Ir 

 

The samples were prepared by casting a few drops of 1 mg mL-1 ethanol suspensions of the 

samples over the carbon grids. To minimize exposure of the samples to the air, these were 

transferred to the lacey carbon grid into glove-box filled with ultrahigh-purity argon and from 

the glove box to the TEM holder minimizing the time required to introduce it into the 

microscope. TEM images are shown in Figure S17 and the correspondent EDX spectra 

depicted in Figure S19. 
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  Figure S17. TEM images for CNT (left), CNT-1-Ir (middle) and CNT-2-Ir (right). 

d) e)

 

Figure S17. TEM images of CNT (a), CNT-1-Ir (b), CNT-2-Ir (c) and diameter distributions 

for CNT-1-Ir (d) and CNT-2-Ir (e) 

 

 

 

Figure S18. EDX spectra for CNT-2-Ir. 
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XPS characterization of CNT-1-Ir and CNT-2-Ir 

 

 

Figure S19. Deconvoluted XPS C1s curves of CNT-1-Ir (left) and CNT-2-Ir (right).  

 

 

CAN-driven water oxidation by the homogeneous catalysts 1-Ir and 3-Ir. 

 

Table S2. Water oxidation catalysis at different [CAN]/[Ir] for the homogeneous catalysts.[a] 

4 Ce(IV) + 2 H2O   O2 + 4 H+ + 4 Ce(III) 

Entry Cat. [Cat.] mM [Ir]/[Ce(IV)] mmol O2 TON TOF50 (h
-1)[b]  TOF (h-1) 

yield 

(%) 

1 1-Ir 7.97 1:200 0,161 40 820 300 73 

2 1-Ir 3.15 1:500 0,191 239 1375 650 78 

4 1-Ir 1.58 1:1000 0,199 249 625 305 91 

5 1-Ir 0.79 1:2000 0,199 507 725 480 91 

6 3-Ir 7.00 1:200 0,194 44 1380 370 87 

7 3-Ir 3.50 1:400 0,205 94 1315 460 94 

8 3-Ir 1.75 1:800 0,205 192 1820 455 94 

9 3-Ir 0.87 1:1600 0,216 397 2300 820 99 

10 3-Ir 0.70 1:2000 0,214 494 1815 655 98 

[a] Catalyst: [IrCl(cod)(MeIm(CH2)3OH)] (1-Ir) and [Ir(cod)(MeIm(CH2)3SO3)] (3-Ir). CAN 

0.437 M. Reactions carried out with solution total volume of 2.5 mL (0.5 mL catalyst and 2 mL 

of CAN aqueous solution, mmol O2max. = 0.2185 mmol) at pH = 1 in a thermostatic bath at 

298.1 K. [b] TOF50 values were calculated when the amount of O2 mmol reached half of the 

theoretical maximum calculated (0.1 mmol). 
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Electrocatalytic water oxidation experiments 

Cyclic voltammetry (CV) and chronoamperometric (CA) experiments.  

CV and CA experiments were performed in a Teflon home-made three-electrode cell (Figure 

S20).  

 

Figure S20.  Home-made three electrode cell set up for the electrocatalytic tests. 

 

The potential sweeps in the CV experiments always started from the open circuit potential 

(OCP), with a positive scan direction, at a scan rate, vscan, of 20 mVs-1 from 0 V to + 1.4 V. The 

CAs were recorded at an applied potential of +1.4 V (vs. Ag/AgCL/3.5M KCl) during 1 h. 

The TOF Turnover frequencies for the catalysis were calculated from eq. S1S5 

TOF=- (Ia.n.F.   eq. S1  

 

where Ia is the catalytic current density,  is the faraday efficiency, F is the Faraday´s constant, 

 is the surface concentration of catalyst and n is the number of electrons transferred per 

production of oxygen molecule (n=4). It was assumed that all transferred charge is used to 

catalyze water oxidation (100%). 
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 Oxygen evolution measurements: 

The oxygen content during the experimental measurements (VO2 , L)  was determined by using 

a HP 5890 gas chromatography. The quantification of the amount of oxygen produced was 

achieved by using a calibration curve displayed in eq. S2: AO2  = 75930 VO2   + 1926.1         

However, some difficulties in this determination must be remarked. These are mainly attributed 

to the bubble formation on the working electrode during electrolysis (see Figure S20). The 

equilibrium between oxygen in the bubbles, solution, and headspace complicates the detection 

of oxygen in solution. Therefore, the quantification of the oxygen content by this methodology 

should only be used as qualitative purposes. 

O2 bubbles

 

Figure S21. Optical images showing the electrode detail of the electrocatalytic reaction during 

a CA experiment with the formation of oxygen bubbles.  

Despite the difficulties observed, the evolution of the estimated number of moles of O2 

produced as a function of time is depicted Figure S22.  

 

Figure S22. Evolution of oxygen as a function of time during the chronoamperimetric 

measurements for catalyst CNT-1-Ir and CNT-2-Ir, measured by gas chromatography. 
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Stability of iridium/graphene electrode during CAs experiments 

ba

 

Figure S23. Optical image of the cell after CA experiments for (a) CNT-1-Ir and (b) CNT-2-

Ir 

 

EXAFS characterization 

 

Figure S24 shows the fits of the EXAFS signals for CNT-1-Ir and CNT-2-Ir-PC (the ones for 

CNT-2-Ir are shown in the manuscript). Table S3 summarizes the refined data of the first 

coordination shell for the three samples. Technical details of the three fits are given later on. 
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Figure S24. Fits (lines) and experimental (points) Fourier transform signal (modulus and real part) 

from the k2-weighted EXAFS signal of (a) CNT-1-Ir and (b) CNT-2-Ir-PC.  The Hanning 

windows used to filter the signals are also included 
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Table S3. Best fit structural parameters (average inner potential correction (E0), bond lengths 

and average Debye-Waller factor) and the residual factor (RF) for the first coordination shell of 

selected hybrid catalysts at the Ir L3-edge. R1 stands for Ir-C1 and Ir-O1 bond lengths 

(approximated to the same value, see Fig. S25).a,b  

Sample E0 R1(Å) Ir-C2(Å) Ir-C3(Å) 2(10-3Å-2) RF
a 

CNT1-Ir 4.9(9) 2.026(7) 2.117(7) 2.176(7) 1.9(8) 0.011 

CNT-2-Ir 8.0(9) 2.023(7) 2.126(7) 2.152(7) 2.3(9) 0.009 

CNT2-Ir-PC 4.8(10) 1.989(8) 2.063(8) 2.148(8) 3.9(12) 0.008 

a RF accounts for the misfit between the actual data and the theoretical calculations. b Numbers 

in parentheses are the errors estimated from different analyses to the best significant digit. 

 

 

 

Figure S25. Drawing of the hybrid catalyst 

CNT-1-Ir anchored to the CNT with the 

grouping of atoms in the local environment of 

Iridium to model EXAFS spectra. 

Technical details of the refinements 

The attenuation factor S0
2 was fixed to 1 for all compounds in agreement with the value found 

in selected references (Ir and IrO2). A single inner potential, E0, was refined for all paths. In 

order to minimize parameters, a Debye model to correlate Debye-Waller factors was used in all 

fits. The atoms were grouped as indicated in Figure S25. In addition, several paths were 

constrained to shift the same distance, R. 

- CNT-1-Ir. 

Independent points:  14.025 

Number of variables: 7 

k-range: 2.0 – 12.4 

R-range: 1.1 -3.75 

k-window: Hanning 

Fitting space: R 

R-factor: 0.011 

E0: 4.946 +/-  0.953      

S0
2: 1 
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Temperature: 300 K 

TDebye: 1728 +/- 689 K 

Path     N    R(Å)        2 (Å-2) x 10-3 

Ir-C1     1 2.026(7) 1.95 

Ir-O1     1 2.026(7) 1.78 

Ir-C2     2 2.117(7) 1.96 

Ir-C3     2 2.176(7) 1.96 

Ir-C4     2 2.583(33) 1.95 

Ir-N1     2 3.058(17) 1.84 

Ir-C1-N1   4 3.308(17) 1.96 

Ir-C7     2 3.738(24) 1.95 

Ir-C6     2 4.038(24) 1.96 

 

- CNT-2-Ir. 

Independent points:  12.950 

Number of variables: 7 

k-range: 2.0 – 11.5 

R-range: 1.15 -3.90 

k-window: Hanning 

Fitting space: R 

R-factor: 0.009 

E0: 8.080 +/-  0.924      

S0
2: 1 

Temperature: 300 K 

TDebye: 1395 +/- 352 K 

Path      N    R(Å)          2 (Å-2) x 10-3 

Ir-C1      1 2.023(7) 2.14 

Ir-O1      1 2.023(7) 1.63 

Ir-C2      2 2.126(7) 2.15 

Ir-C3      2 2.152(7) 2.15 

Ir-C4      2 2.611(66) 2.16 

Ir-C5      2 2.993(66) 2.16 

Ir-N1      2 3.136(12) 1.86 

Ir-C1-N1    4 3.217(12) 2.15 

Ir-C6      2 4.164(33) 2.02 

Ir-C7      2 4.056(33) 3.47 

 

- CNT-2-Ir-PC. 

Independent points:  12.850 

Number of variables: 7 

k-range: 2.0 – 11.7 
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R-range: 1.1 -3.75 

k-window: Hanning 

Fitting space: R 

R-factor: 0.008 

E0: 4.778    # +/-   1.021      

S0
2: 1 

Temperature: 300 K 

TDebye: 1034 +/- 124 K 

 

Path     N     R(Å)        2 (Å-2) x 10-3 

Ir-C1     1 1.989(8) 3.72 

Ir-O1     1 1.989(8) 2.82 

Ir-C2     2 2.063(8) 3.74 

Ir-C3     2 2.148(8) 3.78 

Ir-C4     2 2.623(42) 3.78 

Ir-C5     2 2.900(28) 2.15 

Ir-N1     2 3.062(28) 3.25 

Ir-C1-N1   4 3.184(12) 3.52 

Ir-C7     2 4.009(33) 6.02 

Ir-C6     2 4.066(33) 6.90 
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Figure S26.   k2-weighted EXAFS spectra for the hybrid catalysts CNT-1-Ir and CNT-2-Ir, 

the reference compound  [IrCl(cod){MeIm(CH2)3OH}], and IrO2. The data are shifted in the 

vertical scale for the sake of comparison. 
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The Figure S26 compares the EXAFS spectra of precursor, CNT-1-Ir, CNT-2-Ir and IrO2. 

Some authors suggest that the presence of IrO2 particles could be the cause of the catalytic 

activity of these compounds. This figure shows how different the EXAFS spectrum of IrO2 is 

with strong oscillations that are maintained at high k due to the Ir-Ir paths. These oscillations 

are absent in the CNTs, ruling out a significant presence of these particles in the hybrid 

catalysts. 
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