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A B S T R A C T   

Graphene oxide has been prepared from an industrial coke-like waste. The morphology of this material (GO-CW) 
is similar to that of standard graphene oxide (GO-G), although its surface has more defects. Both materials were 
used to prepare hybrid NHC-Ir(I)/graphene materials, consisting of molecular Ir(NHC) complexes covalently 
anchored to the graphene surface through the NHC moiety, following two different synthetic routes: (a) direct 
graphene electrografting of the previously synthesized aniline-functionalized imidazole-2-ylidene-Ir(I) complex, 
and (b) a two-step sequence comprising initial electrografting of aniline-imidazolium salts and subsequent 
chemical reaction with Ir(I) precursor anchoring imidazole-2-ylidene-Ir(I) molecular complexes. The synthesized 
NHC-Ir/graphene hybrid catalysts are active in the oxygen evolution reaction (OER) resulting in current densities 
in a similar range to those of other NHC-iridium(I) catalysts supported on GO. The highest activity corresponds to 
hybrid catalysts prepared by the two-step route, with even higher activity and stability when graphene oxide 
from industrial waste is used. EXAFS spectra of the materials prepared from both synthesis routes before 
oxidation catalysis reveal the local Ir coordination shell and a structural interaction between Ir and graphene. 
Both XANES and EXAFS spectra after electrocatalysis point to more oxidized species in which the molecular 
nature of the iridium catalysts is preserved.   

1. Introduction 

Global energy demand is continuously increasing due to the increase 
of both the economy and the world’s population growth [1]. This is 
leading to climate change that needs to be urgently reversed by trans
forming the traditional industrial sector, moving it towards a decar
bonization scenario. This is the case of the well-established energy 
intensive industry for the production of steel, which needs to face the 
environmental issues while ensuring its current production. A possible 
solution to this problem passes through the minimization of the envi
ronmental impact in the coke production [2,3], feedstock material used 
for the iron production in the blast furnace. Among the several strategies 
that can be proposed for this purpose, we focus herein on valorizing one 
of the main residues generated during the coking battery process: a 
carbonaceous waste usually formed at the inner top section of this type 

of oven. This material must be scrapped after several cycles of the oven 
usage and represents a serious environmental problem [4]. Its industrial 
characterization showed that this material has only certain character
istics similar to those of metallurgical coke. For this reason, this material 
is considered a waste residue, which is outdoor stored causing 
contamination in the surroundings. One of the most interesting ways to 
minimize the negative environmental impact of this residue is by 
transforming it into an advanced carbon nanomaterial such as graphene. 
Graphene is a nanomaterial with unique properties such as thermal 
stability or high electrical and thermal conductivity [5,6], with potential 
application in different environmental and energy applications [7–12]. 
Furthermore, graphene oxide, GO, prepared typically from graphite or 
even from other pregraphitic materials such as cokes [13], shows a 
single-layer oxidized graphenic structure with various oxygen- 
containing functionalities, such as alcohols, epoxy or acid groups. This 
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can be used to develop fine chemistry on the surface and prepare hybrid 
materials for advanced applications [14–17]. 

One of them is the green hydrogen production by water splitting 
(energy vector) [18,19]. This process is a crucial electrochemical reac
tion to produce sustainable hydrogen directly from water [20,21]. The 
bottleneck of this process is the oxygen evolution half-reaction (OER) 
due to its large overpotential and slow kinetics [22,23]. Additionally, 
one of the major challenges in OER research is obtaining cost-effective 
electrodes without compromising their activity and durability/long- 
term performance [24–28]. 

The use of a catalyst is required for these type of reactions. Iridium 
and ruthenium are among the most efficient catalysts for OER [29–31]. 
Among these, homogeneous catalysts based on these metals exhibit 
certain advantages, as for example a high efficiency and more tunable 
structures, than heterogeneous systems such as metal oxides, (oxy)sul
phides, (oxy)nitrides or metal (oxy)nanoparticles [32–34]. However, the 
immobilization of the homogeneous catalysts is required for their large- 
scale utilization, since it substantially improves their recyclability, re
duces the amount of catalyst, enhances their efficiency and robustness, 
and prevents deactivation via associative intermolecular pathways 
[35–37]. 

The use of carbon nanomaterials, such as graphenes, as proactive 
catalyst support has been actively investigated because of their 
outstanding properties, including electrical conductivity, mechanical 
stability, tunable morphology, and functionality [38–41]. Particularly, 
graphene contributes to enhance electrocatalysts dispersions, opti
mizing the physicochemical properties of the catalyst, such as electronic 
structure or charge transfer rate for instance. These properties are 
maximized when the catalysts are covalently immobilized onto the 
graphene surface. This strategy involves a thorough control of the gra
phene surface properties as well as the establishment of precise synthetic 
procedures for the formation of hybrid graphene/metal materials, 
ensuring an adequate chemical environment for the monoatomic cata
lyst and interaction with the graphene. To achieve that, the use of gra
phene with controlled characteristics and high purity (low ash content 
and consistent crystalline structure) is highly recommended. 

Graphenes are usually obtained from graphite [42–47] or even other 
fossils with controlled characteristics such as commercial pre-graphitic 
materials [13,48]. In all cases the composition and structure of these 
precursors are consistent and well-controlled since all these products are 
from natural resources (natural graphite) or synthetic commercial sub
stances (synthetic graphite, coke). This offers the possibility to control 
the composition and structural properties of the graphenes prepared 
from them by selecting the oxidation/reduction methods or by adequate 
selection of the crystallinity of the parent graphite [49–51]. The final 
properties can therefore be modulated which, in catalytic applications, 
favors their proactive effect as supports in multiple catalytic systems 
[52,53], including covalently attached Ir compounds for OER reactions 
[37,54]. 

Replacing graphite (a strategic material) with an industrial coke-like 
waste as a raw material for the production of graphene oxide has envi
ronmental and economic benefits. This is the case of recent works 
describing the use of industrial wastes as graphene precursors, such as 
spent cathode carbon (SCC), hazardous waste unavoidably generated 
from aluminum electrolysis production [55]. However, when a residual 
waste (such as the material obtained from the inner top section of a 
coking oven) is used for this purpose, this control over the graphene 
surface could be difficult to achieve due to its heterogeneity and metal- 
based impurity content, which limits its future application, especially 
for fine chemistry. 

The aim of this study is to develop efficient routes to immobilize 
molecular catalysts on the graphene surface made from carbonaceous 
waste to prepare hybrid materials for electrodes in hydrogen production 
by electrocatalytic water splitting. With that in mind we initially 
describe, for the first time, the preparation of graphene oxide (GO) from 
an industrial coke-like waste from the scrapping of the ovens used to 

prepare coke for the blast furnace. It was prepared by means of the 
chemical route by introducing some adjustments due to the inherent 
presence of impurities. The characteristics of this material have been 
determined and compared to those of a reference standard GO prepared 
following the same procedure. The effect of these structural character
istics on the reactivity of the waste-based graphenes has been evaluated 
by defining different chemical routes to prepare new hybrid NCH-Ir(I)/ 
graphene materials for electrocatalytic water oxidation. In particular, 
we have conducted two different synthetic routes for the covalent 
anchoring of Ir(I)–NHC complexes based on the electrografting meth
odology: (a) direct graphene electrografting of the previously synthe
sized imidazolium-Ir(I) complex making use of aryl diazonium salt 
chemistry [56], and (b) a two-step sequence comprising initial electro
grafting of the imidazolium ligand and subsequent chemical reaction 
with the appropriate Ir(I) precursor. The full characterization of the 
hybrid catalyst and the study of their catalytic performance in the OER 
reaction is reported, which allows determining the structural changes 
promoted in the catalyst by their different sequential preparation pro
cedure and their relationship with their catalytic OER activity. 

2. Experimental 

2.1. General considerations 

The iridium starting material [Ir(μ-OMe)(cod)]2 was prepared ac
cording to the literature method [57]. Solvents were distilled immedi
ately prior to use from the appropriate drying agents or obtained from a 
Solvent Purification System (Innovative Technologies). CDCl3 and 
CD3OD were purchased from Euriso-top and used as received. The raw 
materials used in this work as graphene oxide precursors were an in
dustrial coke-like waste (supplied by Industrial Minera México S.A. 
(<20 μm)) obtained at 2000 ◦C, and a standard graphite (<20 μm) 
(supplied by Sigma–Aldrich). 

2.2. Graphene oxides preparation from industrial coke-like waste (GO- 
CW) or from graphite oxides (GO-G) 

Graphite oxides aqueous suspensions were prepared by a modified 
Hummerś method previously reported [13,58,59]. This method consists 
in the chemical oxidation of graphite to graphite oxide making use the 
Hummer’s reagents and additional amounts of NaNO3 and KMnO4. 360 
mL of concentrated H2SO4 were slowly added for a period of 2 h to a 
flask containing the raw carbon-based material (7.5 g) and NaNO3 (7.5 
g). Once the mixture was homogeneous and stable, 45 g of KMnO4 were 
added in small doses and an ice bath was used to keep the temperature 
below 20 ◦C. The suspension was then heated at 35 ◦C and stirred for 3 h. 
After this time, 1.5 L of 3 % H2O2 were slowly added and stirred for an 
additional 30 min. The mixtures were centrifugated at 3700 rpm for 30 
min and the obtained solids were washed with deionized water and 
centrifugated again until neutral pH. Then, the obtained aqueous sus
pensions were sonicated for 8 h in an ultrasound bath. The obtained 
graphene oxide samples (GO) were labelled as GO-CW if the raw ma
terial came from the coke-like waste at 2000 ◦C, and GO-G if the raw 
material came from standard graphite. 

2.3. Synthesis of [(4-NH2(C6H4)HImMe)]I (L1) 

The imidazolium salt 1-(4-aminophenyl)-3-methyl-imidazolium io
dide was prepared from 1-(4-aminophenyl)imidazole. [4-NH2(C6H4)Im] 
(500 mg, 3.14 mmol) was dissolved in 30 mL of acetonitrile and iodo
methane (0.25 mL, 4.082 mmol) was added as the alkylating agent. The 
mixture was stirred at room temperature for 24 h, and the white solid 
was filtered, washed with Et2O (3 x 4 mL) and dried under vacuum. 
Yield: 766 mg, 81 % (white solid). Anal. Calcd. for C10H12N3I: C, 39.88; 
H, 4.02; N, 13.95. Found: C, 39.90; H, 4.01; N, 14.02. HRMS (ESI+, 
CH3OH, m/z): calcd for C10H12N3 174.1031 [M]+; found, 174.1131 
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[M]+. 1H NMR (300 Hz, 298 K, CD3OD, Fig. S4Fig.S4): δ 9.24 (s, 1H, 
NCHN, Im), 7.87, 7.70 (s, 2H, 1:1, =CH, Im), 7.35 (d, J HH = 9.0, 2H, Ho, 
C6H4), 6.82 (d, J = 9.0, 2H, Hm, C6H4), 4.01 (s, 3H, CH3). 13C{1H}-APT 
NMR (75 MHz, CD3OD, 298 K, Fig. S5Fig. S5). δ: 151.7 (NCHN, Im), 
130.5 (Cipso CNH2), 125.8 Cipso CIm), 125.2, 123.1 (=CH, Im), 124.5 (Co, 
C6H4), 116.1 (Cm, C6H4), 36.8 (CH3). 

2.4. Synthesis of [IrI(cod)(4-NH2(C6H4)ImMe)] (1) 

1-(4-aminophenyl)-3-methyl-imidazolium iodide (100 mg, 0.331 
mmol) and [Ir(µ-OMe)(cod)]2 (109 mg, 0.165 mmol) were suspended in 
5 mL of dry THF and stirred under Ar atmosphere for 18 h at room 
temperature. The resulting suspension was filtered and the red solution 
was concentrated until almost dry. The product was obtained as a yellow 
powder solid after the addition of 5 mL of cold hexane, washing with cold 
hexane (2 x 2 mL) and dried under vacuum. Yield: 177 mg, 89 % (yellow 
solid). Anal. Calcd. for C18H23IIrN3: C, 36.00; H, 3.86; N, 7.00. Found: C, 
36.18; H, 3.92; N, 6.95. HRMS (ESI+, MeOH, m/z): calcd for C18H23IIrN3, 
600.5285 [M]; found, 601.5315 [M + H]+. 1H NMR (300 Hz, CDCl3, 298 
K, Fig. S6-S9): δ 7.74 (d, JHH = 8.5 Hz, 2H, Ho), 7.06 (d, JHH = 2.0 Hz, 1H, 
Im), 6.96 (d, JHH = 2.0 Hz, 1H, Im), 6.72 (d, JHH = 8.5 Hz, 2H, Hm), 4.78, 
4.65 (m, 2H, 1:1, CH cod), 3.97 (s, 3H, CH3), 3.82 (s, 2H, NH2), 2.98, 2.48 
(m, 2H, 1:1, CH cod), 2.08, 1.88, 1.62, 1.27 (m, 8H, 2:2:2:2, CH2 cod). 13C 
{1H}-APT NMR (75 MHz, CDCl3, 298 K, Fig. S10): δ 179.6 (CNCN), 146.1, 
131.4 (Cipso CNH2, CIm), 114.4 (Co C6H4), 126.2 (Cm C6H4), 121.8, 122.2 
(=CH Im), 82.2, 81.4 (=CH cod, trans NHC), 54.9, 54.7 (=CH cod, trans 
Br), 38.6 (CH3), 33.9, 31.8, 30.7, 30.0 (>CH2 cod). 

2.5. Preparation of working electrodes 

300 μL of the aqueous GO suspensions previously prepared (GO-CW 
or GO-G, 2000 ppm) were drop-casted onto a graphite disk current 
collector, coating a surface of 1 cm2 and dried at 60 ◦C (1 h). These 
electrodes were used as the working electrode of a three-electrode cell 
comprising a graphite rod and Ag/AgCl electrode as the counter and 
reference electrodes, respectively. A chronoamperometry technique at 
− 1 V (vs Ag/AgCl) was applied for 30 min using 0.1 M KNO3 as elec
trolyte to obtain the corresponding electrochemical reduced graphene 
oxide materials (rGO). After reduction, the electrode was thoroughly 
rinsed with Milli-Q water. 

2.5.1. Route a: Preparation of rGO-G@Ir(cod)-a-EC and rGO-CW@Ir 
(cod)-a-EC 

This route consists in the direct functionalization of the rGO with 
compound [IrI(cod)(4-NH2(C6H4)ImMe)] (1) via diazonium salt elec
trografting. 1 (12.0 mg, 0.002 mmol) was first suspended into a 10 mL 
degassed HCl 0.1 M solution at 4 ◦C and NaNO2 (27.6 mg, 0.4 mmol) was 
added just before grafting to prepare the electrolyte. The electro
chemical setup was a three-electrode cell degassed with N2 where the 
electrode with rGO prepared before was used as working electrode, and 
Ag/AgCl and a graphite rod as reference and counter electrode, 
respectively. The cell was kept a 4 ◦C during the reaction using an ice 
bath. The electrochemical grafting of the in-situ generated diazonium 
salt was performed by CV starting from 0.436 V vs Ag/AgCl to − 0.764 V 
vs Ag/AgCl with a scan rate of 10 mV/s repeated five times. The elec
trodes were rinsed with Milli-Q water to remove any adsorbed species. 
These materials were labelled as rGO-G@Ir(cod)-a-EC and rGO-CW@Ir 
(cod)-a-EC depending on the parent graphite used. 

2.5.2. Route b: Preparation of rGO-G@Ir(cod)-b-EC and rGO-CW@Ir 
(cod)-b-EC 

This route involves initially the incorporation of the imidazole-2- 
ylidene precursor ligand through electrografting of the imidazolium 
salt, followed by a chemical reaction with the iridium precursor to an
chor the iridium molecular complex. In this case, a solution of the imi
dazolium salt [(4-NH2(C6H4)HImMe)]I (L1) (6 mg, 0.02 mmol) and 

NaNO2 (27.6 mg, 0.4 mmol) dissolved 10 mL of HCl 0.1 M was used as 
electrolyte in the electrografting process. The solution was placed in a 
degassed three-electrode cell with the rGO as working electrode and Ag/ 
AgCl and graphite rod as reference and counter electrode, respectively. 
The diazonium salt in situ formed was grafted to the graphene oxide 
electrodes performing five CVs starting from 0.436 V vs Ag/AgCl to −
0.764 V vs Ag/AgCl with a scan rate of 10 mV/s. The electrodes were 
rinsed with Milli-Q water to remove any adsorbed species. Then, the 
electrodes were immersed in a solution of 5 mg of the methoxo-Ir(I) 
dimer, [Ir(µ-OMe)cod]2, in 7 mL of anhydrous tetrahydrofuran (THF) 
under a nitrogen atmosphere with shaking. After 24 h of reaction at 
room temperature, the electrodes were washed with THF (2 x 7 mL) and 
Et2O (2 x 4 mL) and then dried at 100 ◦C. These materials were labelled 
as rGO-G@Ir(cod)-b-EC and rGO-CW@Ir(cod)-b-EC depending on the 
parent graphite used. 

2.6. Electrochemical measurements 

To evaluate the catalytic performance towards oxygen evolution 
reaction (OER), cyclic voltammetry (CV) and linear sweep voltammetry 
to determine Tafel slope values were conducted in a teflon three- 
electrode cell at room temperature and under an inert atmosphere. A 
0.1 M solution of perchloric acid was used as electrolyte (Fig. S11). The 
cell comprised of a working electrode with a surface area of 1 cm2 

(prepared in advance), a reference electrode of Ag/AgCl/3.5 M KCl, and 
a graphite rod as counter electrode. All the potentials were referenced to 
RHE, which enables comparison with other works. The stability of the 
electrodes under study was assessed through chronoamperometry (CA) 
experiments at 1.7 V for 1 h. Electrochemical impedance measurements 
(EIS) were also carried out on these electrodes to evaluate the Rct values. 
In the EIS experiments, a potential perturbation of 10 mV was applied 
within a frequency range spanning from 100 kHz to 100 mHz. The EIS 
measurements were acquired under a constant potential of 1.7 V vs. 
RHE, potential at which OER is assumed to occur. 

2.7. Specific equipment. 

High-resolution transmission electron microscopy (HRTEM) images 
were obtained using a JEOL JEM-2100F transmission electron micro
scope, equipped with a field-emission-gun (FEG) and operating at 200 
kV. Elemental analyses were carried out on a Perkin-Ekmer 2400 Series- 
II CHNS/O micro-analyser or a LECO-CHNS-932 micro-analyser equip
ped with a LECO-VTF-900 furnace coupled to the micro-analyser. 

X-ray photoemission spectroscopy (XPS) spectra were performed on 
a SPECS system operating under a pressure of 10-7 Pa with a Mg Kα X-ray 
source. The functional groups in the graphene-based materials were 
quantified by deconvolution of the corresponding high–resolution XPS 
peaks using a peak analysis procedure that employs a combination of 
Gaussian and Lorentzian functions and a Shirley baseline [60]. The 
spectra did not require charge neutralization and were subsequently 
calibrated to the C1s line at 284.5 eV. The amount of iridium in the 
hybrid catalysts was determined by means of Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS) in an Agilent 7700x instrument 
[61]. Raman spectroscopy was performed on a Renishaw 2000 Confocal 
Raman Microprobe using a 514.5 nm argon ion laser. Spectra were 
recorded from 750 to 3500 cm− 1. 

Room-temperature X-ray absorption spectroscopy (XAS) measure
ments at the Ir L3-edge were carried out using a Si (311) double crystal 
monochromator at the CLAESS beamline [62] of the ALBA synchrotron 
facility (Barcelona, Spain). The energy resolution ΔE/E was estimated to 
be about 8 × 10− 5 at the Ir L3-edge and a pellet of Ir metal mixed with 
cellulose was measured for energy calibration. The extended X-ray ab
sorption fine structure (EXAFS) spectra were analyzed using the 
ARTEMIS program [63], which makes use of theoretical phases and 
backscattering amplitudes calculated from FEFF6 code [64]. The fits 
were carried out in R space using a sinus window for filtering purposes. 
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Samples rGO-CW@Ir(cod)-b-EC and rGO-CW@Ir(cod)-a-EC were ob
tained by scratching from the electrodes, mixed with cellulose and 
pressed into a pellet. Due to the low concentration of Ir, the EXAFS 
spectra were measured in fluorescence mode using a multi-channel sil
icon drift detector. In contrast, rGO-G@Ir(cod)-b-EC could be measured 
in transmission mode after sample dilution with cellulose. 

1H and 13C{1H} NMR spectra were recorded on a Bruker Advance 
300 on a Bruker AV-300 spectrometer (300.13 MHz) at room tempera
ture in CDCl3 or CD3OD. NMR chemical shifts are reported in ppm 
relative to tetramethylsilane and referenced to partially deuterated 
solvent resonances. Coupling constants (J) are given in Hertz. NMR as
signments are based on homo- and heteronuclear correlation spectros
copy. Electrospray mass spectra (ESI-MS) were recorded on a Bruker 
Esquire 3000 + spectrometer using sodium formate as reference. 

3. Results and discussion 

3.1. Preparation and characterization of graphene oxide from a coke-like 
waste 

The characteristics of the coke-like waste (CW) and the standard 
graphite G, used herein for comparative purposes, are summarized in 
Table S1. The carbon content in both samples is quite high (~99 wt%), 
as expected for a material of this kind. However, the ash content in the 
coke-like waste is much higher, (~11.4 wt% in CW compared to 1.9 wt% 
in G) [51]. This high ash content is due to the nature of the carbonaceous 
residue obtained by scraping the interior of the coking oven at regular 
intervals. The composition of the ash fractions is Al (45 wt%), Fe (39 wt 
%), Ca (13 wt%) and, at to a lesser extent, Mg (2 wt%) and Zn (0.5 wt%), 
as determined by ICP-MS. 

The XRD parameters of both samples (Fig. S1, Table S1), exhibit the 
typical intense crystalline peak at 26.5◦ corresponding to the (002) 
plane. The interlayer distance increases from 0.336 nm for the graphite 
to 0.339 nm in CW, which is consistent with a less ordered graphite 
structure in the later [65]. 

Both materials were used to prepare graphene oxides (GOs) via a 
modified Hummers method [13,58]. The modification takes into ac
count the high ash content in the CW material (which increases the 
reactivity of the process making it dangerous) and consists of adjusting 
the concentrations of the reactants (see experimental section), as well as 
using an ice bath and reducing the rate of reactive addition. In this way, 
ashes are eliminated during the processing. By means of this procedure, 
the graphite oxides were obtained (see Supplementary Material for SEM 
visualization, Fig. S2). The expanded structure allowed that, after ul
trasonic exfoliation, single folded GO sheets are easily obtained in the 

water dispersions of CW (GO-CW), as determined by TEM observations 
(Fig. 1). The morphology is also very similar to that of GO-G, confirming 
that a coke-like waste to be used as raw material for graphene oxides. 
Additionally, Raman spectra of GO-CW exhibit similar ID/IG ratio (0.96) 
than GO-G (0.93) (Fig. S3). 

XPS analysis of the samples revealed differences in the graphene 
surface chemistry of GO-G and GO-CW (Fig. 2, Table 1). GO-G has an 
slightly higher atomic C/O ratio than GO-CW (2.4 vs 2.2 respectively), 
indicative of a higher degree of oxidation in the waste-derived graphene 
oxide. This effect is also reflected in its high-resolution XPS C1s spectra. 
Thus, although both samples show the typical bimodal distribution of a 
graphene oxide, the highest intensity in GO-CW is achieved for the 
286.5 eV (C-O, accounting for 40.4 %, while in GO-G this value de
creases to 33.0 %, Table 1), while the highest intensity in GO-G is for the 
Csp2 bonds at 284.5 eV (43.5 % against 33.5 % in GO-CW). The higher 
presence of defects in GO-CW is ascribed to its heterogeneous nature 
(industrial waste). To gain more information about the carbonaceous 
structure, the O1s spectra of both samples were deconvoluted into 3 
main peaks: ~531.0 eV (O1, oxygen doubly bonded to aromatic carbon), 
~532.0 eV (O2, oxygen singly bonded to aliphatic carbon) and ~ 533.4 
eV (O3, assigned to oxygen singly bonded to aromatic carbon) [66–68]. 
The type and distribution of oxygen functional groups are similar in both 
samples, except that GO-CW materials show a greater number of oxygen 
single bonded to aromatic carbon, suggesting a change in the oxidation 
pathways in the aromatic carbonaceous structure of this waste-based 
graphene oxide. 

3.2. In-situ preparation of hybrid NCH-Ir(I)/graphene materials at the 
electrode for OER 

The GOs were used to produce in situ the hybrid NHC-Ir(I)/graphene 
materials by means of two sequential procedures. These two chemical 
routes a and b are depicted in Fig. 3. In both cases, the first step is the 
electroreduction of the GOs onto the surface electrode, the differences 
being in subsequent steps. In route a, surface functionalization of gra
phene films was carried out with the previously synthesized aniline- 
imidazol-2-ylidene-Ir complex by electrografting through the in-situ 
generation of diazonium salt [56]. The hybrid materials rGO-G@Ir 
(cod)-a-EC and rGO-CW@Ir(cod)-a-EC were then obtained directly. In 
contrast, the route b comprises the initial electrografting of the imida
zolium salt from the proper aniline-imidazolium salt and, in another 
step, the chemical reaction of this functionalized material with the 
methoxo-iridium(I)-ciclooctadiene dimer precursor anchoring the mo
lecular NHC-Ir(cod) molecular complex to yield rGO-G@Ir(cod)-b-EC 
and rGO-CW@Ir(cod)-b-EC. 

Fig. 1. TEM images of the graphene oxides obtained from (a) graphite (GO-G) and (b) coke-like waste (GO-CW).  
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SEM images of the electrodes prepared show that both methodolo
gies lead to the formation of homogeneous films of the hybrid NCH-Ir/ 
graphene materials in all cases (representative images for rGO-G@Ir 
(cod)-a-EC and rGO-CW@Ir(cod)-b-EC are depicted in Fig. 4 a and 4b, 
respectively). The presence of iridium was not visualized but detected by 
EDX (Fig. 4d and S12). HRTEM images of all materials (representative 
images of rGO-G@Ir(cod)-b-EC and rGO-CW@Ir(cod)-a-EC are shown 
in Fig. 4e and 4f, respectively) confirmed the atomic size of the iridium 
which appears in these type of complexes as electron-dense regions with 
diameters from 0.2 to 0.7 nm [37,54]. The largest clusters visualized 
were previously reported to be formed during beam irradiation (spots or 
larger diameter) [69], which was also used to confirm the presence of 
iridium on the surface of the electrode. Moreover, EDX mapping of the 
TEM images confirms the homogeneous distribution of Ir along the 
graphene sheet (representative images corresponding to rGO-CW@Ir 
(cod)-a-EC as, Fig. 4c and d). 

In order to gain information about the structure of the prepared 
hybrid materials, they were characterized by XPS. The hybrid materials 
prepared by the direct route a, rGO-G@Ir(cod)-a-EC and rGO-CW@Ir 
(cod)-a-EC, are quite similar. Their atomic composition (Table 1) is 

consistent with the attachment of the NCH-Ir complex to the graphene 
surface, and both show similar Ir content (~1%), with the nitrogen 
content being almost double, as expected. The C/O content in these 
hybrid materials is higher in the hybrid materials compared to the 
parent GOs, suggesting a reduction of the oxygen functional groups 
during graphene processing (2.2–2.4 % in GOs vs 6.2–6.5 % in hybrid 
materials). 

The high-resolution XPS curves of the elements derived from the 
attached iridium compound (N and Ir) are almost identical for the 
different carbon precursors. The Ir4f XPS spectra (Fig. 5a) show the 
characteristic doublet of Ir(I) species at ~ 62.2 and ~ 65.1 eV (corre
sponding to Ir4f7/2 and Ir4f5/2) [37,54,70]. The N1s XPS curves 
(Fig. 5b) appear as a single peak at ~ 400.6 eV, corresponding to the two 
nitrogen atoms of the imidazole-2-ylidene ligand [37]. The carbona
ceous structure seems to be the main difference between the samples. On 
one hand, the XPS C1s curves of both hybrid materials show the decrease 
of the oxygen-containing functional groups (signal above ~ 286 eV) 
with respect to the parent GOs. This is mainly due to the electro
reduction process carried out prior to the electrografting of the Ir pre
cursor. On the other hand, rGO-G@Ir(cod)-a-EC shows a slightly higher 

Fig. 2. XPS C1s (a, c) and O1s (b, d) curves of GO-CW (a, b) and GO-G (c, d).  

Table 1 
XPS Characterization of graphenes and hybrid materials prepared from G and CW.  

Sample C/O (%) N 
(%) 

Csp2 

(%) 
Csp3 

(%) 
C-O 
(%) 

C¼O 
(%) 

COO 
(%) 

GO-G  2.4 –  43.5  5.6  33.0  15.1  2.7 
GO-CW  2.2 –  33.5  7.8  40.4  12.9  5.0 
rGO-G@Ir(cod)-a-EC  6.2 2.1  73.8  10.0  10.8  2.9  2.6 
rGO-CW@Ir(cod)-a-EC  6.5 2.0  71.1  14.3  10.2  2.5  1.8 
rGO-G-N  6.9 5.0  69.1  15.1  8.2  4.8  2.8 
rGO-CW-N  6.9 5.1  66.9  17.6  9.7  3.2  2.6 
rGO-G@Ir(cod)-b-EC  7.0 2.4  78.0  14.8  3.2  2.6  1.4 
rGO-CW@Ir(cod)-b-EC  7.0 2.3  76.2  15.3  3.8  4.2  0.6  
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contribution of the sp2 hybridized carbon atoms (73.8 % with respect to 
71.1 % in rGO-CW@Ir(cod)-a-EC, Fig. 5c, d and Table 1), while rGO- 
CW@Ir(cod)-a-EC has a higher contribution of sp3 carbon atoms (14.3 
% with respect to 10.0 % in rGO-G@Ir(cod)-a-EC). Since this trend is 
similar to that previously observed for the parent GOs, it could be 
explained here not only by the different degree of reduction during the 
GO processing but also as a consequence of the slightly larger number of 
structural defects in the carbonaceous structure of the graphene coming 
from the industrial waste. However, in contrast to what is observed for 
the GOs, the oxygen functional groups attached to the carbonaceous 
structure are similar in both samples, as observed in the O1s XPS spectra 
(Fig. 5d, f). This implies that the larger portion of oxygen singly bonded 
to aromatic carbon present in the parent GO-CW was preferentially 
electroreduced during processing. 

The hybrid materials prepared by means of route b, as mentioned 
above, require the initial electrografting of the imidazolium ligand itself 
onto each type of electroreduced graphene oxide. These intermediates 
have been isolated and characterized by XPS (named rGO-G-N and rGO- 
CW-N, Fig. 6, Table 1). The atomic composition shows a ~ 5 % of ni
trogen, confirming the attachment of the N-ligand. Additionally, they 
exhibit higher C/O ratio than the parent GO-G and GO-CW (~6.5 % vs 
2.2 % in parent GOs), which is consistent with electroreduced graphene 
oxides. This electroreducion is seen in the C1s spectra of these in
termediates as a reconstruction of the sp2 hybridized carbonaceous 
network (Fig. 6a, b). Again, the graphenic structure is larger in the case 
of the graphene prepared from graphite (Csp2 content of ~ 66 vs ~ 69 % 
in GO-CW-N). It is interesting to remark that the N1s spectra of the 
materials with the anchored imidazolium salt appear as a broad doublet 
with maxima at ~ 400.2 and ~ 402.1 eV, representative of the two 
nitrogen atoms in the 5-member ring of the heterocycle, each one with 
different atomic environment. This observation is similar to that previ
ously observed by [37,71]. 

The linkage of the iridium molecular complex to the materials rGO- 
G-N and rGO-CW-N produces interesting results. Several points can be 
highlighted regarding the formation of the iridium complex. The support 
of the Ir(I) species is confirmed by the XPS Ir4f curves (Fig. 6g) 
appearence for both graphenes, since two doublets with maxima at the 
same position as those obtained for complexes prepared from route a 

appear (Fig. 5a). The linkage of the iridium fragment to the NHC- 
moieties of both intermediate graphene materials is also confirmed by 
the transformation of their N1s curve, from the doublet in rGO-G-N and 
rGO-CW-N (Fig. 6c) to single narrower peaks with a maximum a ~ 
400,6 eV in rGO-G@Ir(cod)-b-EC and rGO-CW@Ir(cod)-b-EC (Fig. 6f). 
This narrowing is typical of the formation of a carbene moiety due to the 
linkage of the Ir complex to the in situ imidazole-2-ylidine ligand formed 
by the deprotonation of the anchored imidazolium [37]. It is noticeable 
that the same curves were obtained for the supported complexes that 
were formed via direct linkage to graphene, namely rGO-G@Ir(cod)-a- 
EC and rGO-CW@Ir(cod)-a-EC (Fig. 5b). All these facts suggest that the 
two synthetic routes proposed herein led to the formation of the same 
molecular iridium (I) complexes attached to the graphene materials. 
More importantly, the characterization of these hybrid materials con
firms the possible utilization of coke-like wastes to develop graphene- 
based materials for fine chemistry. However, the use of this coke-like 
waste led to particular features in the carbonaceous structure of the 
graphene. The Csp2 content of rGO-G@Ir(cod)-b-EC and rGO-CW@Ir 
(cod)-b-EC, calculated from the XPS C1s curves (Fig. 6a, b, Table 1), is 
higher than that obtained for the graphene intermediates GO-G-N and 
GO-CW-N (76–78 % vs 67–69 %, respectively, Table 1). It is noteworthy 
that here the Csp2 ratio also accounts for the new C atoms introduced as 
Ir ligands, but even taking into account this fact, this content is also 
slightly higher than that obtained for the same complexes prepared by 
the direct route a (rGO-G@Ir(cod)-a-EC and rGO-CW@Ir(cod)-a-EC, 
~71–74 % route a, Table 1). This trend is independent of the parent 
material of the graphene (graphite or industrial waste). We infer from 
the analysis of the XPS spectra that the electrografting process of small 
molecules (in this case, imidazolium salt) rather than with metal frag
ments (in this case, the NHC-Ir complex) seems to lead to a greater 
reconstruction of the graphene structure of the support itself. 

3.3. Electrochemical performance of the NHC-Ir/graphene catalysts in the 
OER 

The electrochemical performance in the OER of the hybrid NHC-Ir/ 
graphene catalysts prepared by both methods was evaluated by cyclic 
voltammetry and the results obtained are summarized in Fig. 7. 

Fig. 3. Scheme of the two routes used to prepare the working electrodes based on imidazole-2-ylidene-Ir(I) complexes onto reduced graphene oxides prepared from a 
standard graphite (GO-G) or an industrial coke-waste (GO-CW). 
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As it can be seen, irrespective of the synthetic route used, the elec
trodes studied showed electrocatalytic activity in the OER (CVs in the 
range of 0.3–2 V vs RHE at 50 mVs− 1). The current densities obtained for 
the hybrid electrodes prepared from standard graphene in both 
methods, rGO-G@Ir(cod)-a-EC and rGO-G@Ir(cod)-b-EC, reach 
maximum values of 25 mAcm− 2 in the first stabilized cycle (Fig. 7, a, b, 
solid blue lines). The current densities as well as the range are consistent 
with previous results related to the electrocatalytic activity in the OER of 
hybrid NHC-Ir(I) catalyst based on graphene oxides with similar 
chemical environment [54]. Interestingly, the hybrid electrodes based 
on a graphene material prepared from an industrial waste show an un
usual behaviour. In the case of the first stabilized cycle for the waste- 
based hybrid catalyst prepared via route a (rGO-CW@Ir(cod)-a-EC), 
the current density decreases down to 8 mAcm− 2 (Fig. 7, a, solid red 
line), which could be due to a different environment of the metallic 
catalyst itself, probably influenced by the type of support (graphene) 
used. In contrast, in the case of the waste-based hybrid material pre
pared via route b (rGO-CW@Ir(cod)-b-EC), the current density ob
tained in the first stabilized cycle under the same experimental 
conditions reaches values of 33 mAcm− 2 (Fig. 7, b, solid red line), which 
is even higher than that obtained from an standard graphite (rGO-G@Ir 
(cod)-b-EC) (Fig. 7, b, solid blue line). The better results obtained for the 
waste-based hybrid material in comparison to standard graphite via 

route b were also confirmed by a lower Tafel slope value, calculated 
from the LSV curves obtained at 10 mVs− 1 (Fig. 7c). The Nyquist plot of 
the waste-based material, measured by Electrochemical impedance 
spectroscopy (EIS, Fig. S13) exhibit a lower diameter of the semicircle, 
evidencing also a better electron transfer rate. This points out that not 
only that graphene materials can be successfully prepared from an in
dustrial waste and serves as an efficient OER catalysts supports, but also 
that the effectiveness of the proactive effect of the support in the catalyst 
is strongly dependent on the hybrid catalyst preparation method. 

The stability of the prepared electrodes, other important parameter 
to considerer, was measured herein by the CV curves obtained after 5 
additional CV cycles of OER (Fig. 7, d, e, dashed lines). The current 
densities obtained for the electrodes from route a (rGO-G@Ir(cod)-a-EC 
and rGO-CW@Ir(cod)-a-EC, Fig. 7, d) are of ~ 10 mAcm− 2 much lower 
than the values obtained in the first cycle, particularly for rGO-G@Ir 
(cod)-a-EC (first cycle value of 24 mAcm− 2) showing a very poor ac
tivity in the posterior stability test via chronoamperometric measure
ments (see Supplementary Material, Fig. S14). In contrast, the two 
hybrid electrodes prepared via route b (rGO-G@Ir(cod)-b-EC and rGO- 
CW@Ir(cod)-b-EC, Fig. 7, e) exhibit no substantial variation in the 
maxima current density obtained with respect to those shown in cycle 1. 
The chronoamperometric curves recorded at 1.7 V for 1 h confirms this 
stability (Fig. 7, f). 

Fig. 4. Representative SEM images of the prepared electrodes: (a) rGO-G@Ir(cod)-a-EC, (b) rGO-CW@Ir(cod)-b-EC, (c) TEM and (d) EDX Iridium mapping of rGO- 
CW@Ir(cod)-a-EC. HRTEM representative images of: (e) rGO-G@Ir(cod)-b-EC, (f) rGO-CW@Ir(cod)-a-EC. 
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A possible explanation for this lies in the fact that both material 
prepared via route b have a more aromatic carbonaceous support 
structure (higher content of C with sp2 hybridization, Table 1), which 
seems to exert a positive effect on the stabilization of the electrodes 
during the time studied. This beneficial effect in the catalyst stability 
should therefore be related to the selected synthetic procedure for the 
hybrid materials, highlighting the advantages of route b (multi-step) for 
the preparation of stable and effective graphene-anchored NHC-iridium 
electrodes for the OER. In this regard, we hypothesize that partial 
degradation of compound 1 could occur in the presence of the reactants 
required for diazonium salt electrografting (HCl/NaNO2). However, in 
the two-step route b, the imidazolium salt electrografting proceeds 
cleanly and therefore the anchoring of the Ir-NHC complexes is much 
more efficient. 

The catalytic activity of these electrodes based on graphene materials 
might be more related to the local environment of Ir atom and its 
oxidation state, so the characterization of all these materials before and 
after the catalytic experiments was attempted by means of XAS mea
surements at the Ir-L3 edge at room temperature (Fig. 8). For comparison 

we analysed the hybrid materials samples before electrocatalysis rGO- 
X@Ir(cod)-i-EC (X ¼ G, CW; i ¼ a, b) and the hybrid materials after 5 
water oxidation electrocatalytic cycles rGO-X@Ir(cod)I-PC (X ¼ G, 
CW; i ¼ a, b). The spectra are characterized by a strong resonance (or 
white line) at about 11219.5 eV whose intensity is higher for the post- 
electrocatalysis materials (PC) able to be measured. It is well known 
that dipolar transitions from the 2p core levels to unoccupied 5d state 
are the main contribution to this resonance and previous studies have 
correlated the area of the L3 edge peak to the oxidation state of the Ir 
atom [72]. Therefore, according to the results obtained for the series 
rGO-CW@Ir(cod)-a and extrapolating to the rest of the series of this 
work, the XANES spectra (Fig. 8a) reveals a higher oxidation state of Ir in 
the material after electrocatalysis. This is in agreement with a higher 
oxidation state of the catalyst as active catalytic specie. 

Fig. 8b compares the intensity of the L3 peak for the two sets of 
electrode materials. We can clearly establish two groups. The pre- 
electrocatalysis materials rGO-G@Ir(cod)-a-EC and rGO-CW@Ir 
(cod)-a-EC and rGO-CW@Ir(cod)-b-EC exhibit a white line of similar 
intensity which can be considered as a prototype of Ir(I) compounds, as 

Fig. 5. XPS Ir4f (a), N1s (b), C1s (c, e) and O1s (d, f) curves of rGO-G@Ir(cod)-a-EC (a, b, c, d) and rGO-CW@Ir(cod)-a-EC (a, b, e, f).  
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it is similar to rGO-G@Ir(cod)-b-EC that has been obtained by chemical 
synthesis by our known methods [54]. On the other side, the L3 peak 
intensity for the spectra of post-electrocatalysis materials rGO-G@Ir 
(cod)-a-PC, rGO-CW@Ir(cod)-a-PC and rGO-CW@Ir(cod)-b-PC is 
similar to the one for IrO2, a reference for Ir(IV), although the latter has a 
slightly wider peak. These results support that Ir is oxidized to values 
close to Ir(IV) in the post-electrocatalysis materials obtained after five 
catalytic cycles. 

The local environment of Ir atoms in the electrode materials was 
investigated using EXAFS spectroscopy. Unfortunately, it was not 
possible to obtain suitable measurement for rGO-G@Ir(cod)-b-EC. 
Additionally, the Ir content of these materials is very low, and although 
16 measurements were made and averaged for each sample using a 
fluorescence detector with seven channels, the EXAFS oscillations, χ(k), 
vanished into noise for values of k > 10 Å− 1. The FTs are characterized 
by an intense peak at about 1.6–1.8 Å (without phase shift correction), 
associated with the first coordination shell of Ir atoms (see Fig. 8c). No 
other intense peak at longer R, typical of Ir-I bonds is observed. This 
indicates that the I present in the precursor salts has been replaced by 
lighter elements. The FTs show clear differences between the different 
electrode materials. rGO-CW@Ir(cod)-b-EC shows its peak at a slightly 
smaller distance than rGO-G@Ir(cod)-b-EC, indicating longer bond 
lengths for the Ir atom in the second electrode material. Furthermore, 
significant differences are observed before and after the electrocatalytic 
water oxidation cycles. The post-electrocatalysis material, rGO-CW@Ir 
(cod)-b-PC shows a bigger peak than rGO-CW@Ir(cod)-b-EC. This is 
consistent with a less disordered coordination environment for Ir atoms 
in the post-electrocatalysis material. 

Bearing in mind our previous experience with similar compounds 
[37,54], we have tried to use the modified crystallographic data of the 
[Ir(NCCH3)(cod){MeIm(CH2)3OH}][BF4] compound [73] to model the 
Ir(I) local structure in the pre-catalysis electrode materials as they are 

expected to have a similar environment for the metal atom. The model 
followed implies that the Ir has a square planar coordination sphere 
formed by an imidazol-2-ylidene ring, a cyclooctadiene (cod) ligand and 
a nitrogen atom from the acetonitrile ligand in the reference compound. 
The modification herein consisted of replacing the nitrogen coordinated 
to the iridium with an oxygen (arising from oxygen-containing func
tional groups on the rGO surface) and thus, we can obtain theoretical 
phases and amplitudes for Ir-O and Ir-C scattering paths. This model 
works well for the three electrode materials studied. 

The best fit results are summarized in Table 2. Due to the limited 
range in k-space, the fit was limited to the first coordination shell and 
several constrains were used. The four Ir-C distances to the cod ligand 
were reduced to the same value for both electrode materials. In the case 
of rGO-CW@Ir(cod)-b-EC and rGO-CW@Ir(cod)-b-PC, the Ir-C (imi
dazolium ring) and Ir-O bond lengths were equalized and then we 
refined the difference between the two groups of distances (a single 
parameter). Average inner potentials (ΔEo) and Debye-Waller factors 
(σ2) were used for all paths. It is noteworthy that EXAFS analysis for 
rGO-G@Ir(cod)-b-EC was performed under the same conditions as the 
other two samples for the sake of comparison although the better quality 
of its data allows for fitting over a longer range (Fig. S15). The data of 
Table 2 confirm that the Ir bond lengths are a bit longer for rGO-G@Ir 
(cod)-b-EC (Fig. S15) than for rGO-CW@Ir(cod)-b-EC (Fig. S16). 
Moreover, the post-electrocatalysis material, rGO-CW@Ir(cod)-b-PC 
(Fig. S17), exhibits the shorter interatomic distances along with a lower 
σ2-value. This suggests a higher oxidation state for Ir atoms in this 
electrode material but preserving the nearest local environment of the 
pre-electrocatalysis material. 

The above results highlight the similarities that exist in the first co
ordination sphere for all the hybrid catalysts studied, regardless of the 
nature of the graphene support. On the one hand, the results also show 
that part of the oxygens from the residual oxygenated functional groups 

Fig. 6. High resolution XPS C1s (a, b, d, e), N1s (c, f) and Ir4f (g), of rGO-CW-N (a, c), rGO-G-N (b, c), rGO-CW@Ir(cod)-b-EC (d, f, g) and rGO-G@Ir(cod)-b-EC (e, 
f, g). 
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Fig. 7. Electrochemical characterization of the hybrid NHC-Ir/graphene materials based on graphite (G) or industrial waste (CW). Route a: rGO-G@Ir(cod)-a-EC 
and rGO-CW@Ir(cod)-a-EC, and Route b: rGO-G@Ir(cod)-b-EC and rGO-CW@Ir(cod)-b-EC: a, b, d, e) CV curves measured in the range of 0.3–2 V vs RHE at 50 
mVs− 1 (Initial activity (higher level) and after five cycles (lower level)). c) LSVs measured in the electrodes from route b at 10 mVs− 1 in the potential range of 0.3–2 V 
vs RHE and the corresponding Tafel slope values (c, inset). f) CAs recorded on the electrodes from route b at 1.7 V for 1 h. 

Fig. 8. (a) Normalized L3 X-ray absorption edges for rGO-CW@Ir(cod)-a-PC (red line) and rGO-CW@Ir(cod)-a-EC (cyan circles) electrode materials. (b) Detail of 
the main resonance at the L3 edge for the previous electrode materials (red and cyan), and rGO-G@Ir(cod)-a-EC (blue), rGO-G@Ir(cod)-a-PC (dark green), rGO- 
CW@Ir(cod)-b-EC (purple), rGO-CW@Ir(cod)-b-PC (light green), rGO-G@Ir(cod)-b-EC (orange) and IrO2 (grey). The two later materials can be considered as 
references for Ir(I) and Ir(IV) compounds, respectively. (c) Fourier transform (modulus) of the k2-weighted χ(k) signals extracted using a sinus window between 2.5 
and 10.5 Å− 1, for rGO-G@Ir(cod)-b-EC (orange), rGO-CW@Ir(cod)-b-EC (purple), and rGO-CW@Ir(cod)-b-PC (light green). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

M. González-Ingelmo et al.                                                                                                                                                                                                                   



Applied Surface Science 655 (2024) 159556

11

on the wall of the graphene supports also contribute to the first coor
dination sphere Ir, establishing an interaction with the support. On the 
other hand, taking into account the catalytic behaviour of these mate
rials (Fig. 7), it seems clear that the carbonaceous structure of the sup
port (graphene) exerts a critical influence on the overall electrocatalytic 
OER activity. Thus, a defective structure in graphene, such as that 
exhibited by graphene obtained from an industrial waste (GO-CW) 
(Table 2), requires some degree of reconstruction of its Csp2 structure to 
exhibit a more pronounced proactive effect towards electrocatalytic 
OER, and the latter can be achieved by selecting an appropriate syn
thetic procedure, in this case a multi-step route. 

4. Conclusions 

An industrial coke-like waste has been successfully used to prepare 
graphene oxides (GO-CW), similar to those obtained from a standard 
graphene used for comparative purposes (GO-G). Structural character
ization of GO-CW (SEM, TEM XPS, EDX) shows that it exhibits a more 
carbonaceous defective surface than standard GO-G (obtained under the 
same experimental conditions) probably as a consequence of the het
erogeneous composition to which the industrial waste was subjected. 
The obtained GOs have been used for the preparation of NHC-Ir/ 
graphene hybrid materials by covalent support of Ir-NHC complexes 
on graphene through two different methodologies: direct electrografting 
of the 4-NH2-C6H4-NHC-iridium(I) precursor (route a) or through a two- 
step sequence comprising initial electrografting of the 4-aniline-imida
zolium salt and subsequent chemical reaction with the Ir(I) precursor 
(route b). The prepared molecular graphene-anchored NHC-iridium 
electrodes resulted in active electrocatalysts in the OER. Therefore, this 
work demonstrates how an industrial coke-like waste, highly heteroge
neous in its composition and with high amount of metal-based ashes, can 
be transformed into graphene oxides which can be successfully used as 
proactive supports of OER catalysts. The origin of the graphene support 
(which defines tits surface characteristics) and the procedure of mo
lecular NHC-Ir(I) complex anchorage are essential parameters related to 
OER performance (efficiency and stability), the two-step sequential 
route, route b, being the better methodology to obtain stable electrodes. 

Structural characterization of the hybrid electrocatalysts (HRTEM, 
XPS) evidences differences particularly in their carbonaceous structure. 
EXAFS characterization of the electrode materials before the oxidation 
catalysis is in accordance with the proposed structures Ir-graphene, 
suggesting an square planar coordination sphere of the Ir formed by 
the NHC ligand, the cyclooctadiene diolefine and a hydroxyl or other 
oxygenated group on the graphene surface. The EXAFS spectra per
formed after the electrocatalytic OER cycles point to more oxidized 
species in which the molecular nature of the iridium catalysts is main
tained. This reveals a long-term effect of the graphene structure on the 
catalysis, in which the presence of defects in the graphene layer en
hances the proactive effect on the catalytic activity when a certain de
gree of reconstruction of the graphenic structure is achieved. In this 
regard, the two-step synthetic procedure, which leads to a higher 
reconstruction of the Csp2 structure in the graphene surface, has a 

positive effect on the catalyst stability in both hybrid materials and it is 
preferred for the preparation of highly stable catalysts. 

CRediT authorship contribution statement 
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Table 2 
Refined inner potential (ΔE0), interatomic distances and Debye-Waller factors (σ2) obtained from the best fits of the EXAFS spectra. The residual factor (RF) accounts 
for the misfit between the actual data and the theoretical calculations. Numbers in parentheses are the errors estimated in the last significant digits. The attenuation 
factors were fixed to 1 for all paths.  

Sample ΔE0 (eV) Ir-C (Å) Ir-O (Å) σ2 (Å2) × 10-3 RF 

rGO-G@Ir(cod)-b-EC 6.0(14) 1 × 2.053(29) 
4 × 2.089(9) 

1 × 1.937(29) 
- 

1.5(9)  0.006 

rGO-CW@Ir(cod)-b-EC 5.2(13) 1 × 2.009(12) 
4 × 2.076(12) 

1 × 2.009(12) 
- 

3.1(7)  0.008 

rGO-CW@Ir(cod)-b-PC 5.1(21) 1 × 9.85(13) 
4 × 2.052(13) 

1 × 1.985(13) 
- 

2.2(7)  0.008        
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.apsusc.2024.159556. 
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B. Sánchez-Page, J.J. Pérez-Torrente, J. Blasco, G. Subias, M. Blanco, R. Menéndez, 
Enhanced chemical and electrochemical water oxidation catalytic activity by 
hybrid carbon nanotube-based iridium catalysts having sulfonate-functionalized 
NHC ligands, ACS Appl. Energy Mater. 2 (2019) 3283–3296. 

[38] Q. Shi, C. Zhu, D. Du, Y. Lin, Robust noble metal-based electrocatalysts for oxygen 
evolution reaction, Chem. Soc. Rev. 48 (2019) 3181–3192. 

[39] H. Li, S. Di, P. Niu, S. Wang, J. Wang, Li Li, A durable half-metallic diatomic 
catalyst for efficient oxygen reduction, Energy Environ. Sci. 15 (2022) 1601–1610. 

[40] H. Wang, X. Liu, P. Niu, S. Wang, J. Shi, L. Li, Porous Two-Dimensional Materials 
for Photocatalytic and Electrocatalytic Applications, Matter. 2 (2020) 1377–1413. 

[41] Y. Wang, P. Niu, J. Li, S. Wang, L. Li, Recent progress of phosphorus composite 
anodes for sodium/potassium ion batteries, Energy Storage Mater. 3 (2021) 
436–460. 

[42] D.C. Marcano, D.V. Kosynkin, J.M. Berlin, A. Sinitskii, Z. Sun, A. Slesarev, L. 
B. Alemany, W. Lu, J.M. Tour, Improved synthesis of graphene oxide, ACS Nano 4 
(2010) 4806–4814. 

[43] D.R. Dreyer, S. Park, C.W. Bielawski, R.S. Ruoff, The chemistry of graphene oxide, 
Chem. Soc. Rev. 39 (2010) 228–240. 

[44] J. Gao, F. Liu, Y. Liu, N. Ma, Z. Wang, X. Zhang, Environment-friendly method to 
produce graphene that employs vitamin C and amino acid, Chem. Mater. 22 (2010) 
2213–2218. 

[45] S. Park, R.S. Ruoff, Chemical methods for the production of graphenes, Nat. 
Nanotechnol. 4 (2009) 217–224. 

[46] J. Coleman, Liquid exfoliation of defect-free graphene, Acc. Chem. Res. 46 (2013) 
14–22. 

[47] S. Lee, S.H. Eom, J.S. Chung, S.H. Hur, Large-scale production of high-quality 
reduced graphene oxide, Chem. Eng. J. 233 (2013) 297–304. 
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