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A B S T R A C T

Cobalt and nickel co-doped carbon dots (CoNi-CDs) have been synthesized using hydrothermal microwave 
assisted methodology. CoNi-CDs have been characterized, showing their ability to be diazotized and electro- 
grafted onto carbon surfaces, generating an ordered pattern distribution over carbon electrode surfaces. High 
electrocatalytic activity through oxygen evolution reaction (OER) in basic medium has been proved, showing 
that the electrocatalyst activity is enhanced when the CoNi-CDs are grafted onto the working electrode instead of 
just drop-casted. Grafted CoNi-CDs over carbon screen printed electrodes (grafted CoNi-CDs/CSPE) present lower 
overpotential for OER compared with RuO2 reference material drop-casted over CSPE. Furthermore, the high 
turnover frequency of the electrocatalytic centers (cobalt and nickel ions) embedded into the carbon nano
structure enhances the OER electrocatalysis using a small amount of metal for the preparation of the electro
catalyst. In addition, good stability is shown for the modified electrodes used during OER electrocatalyst.

1. Introduction

The development of new electrocatalysts is an interesting field with 
high economic impact, focusing on the development of clean and 
renewable energy conversion technologies. The dissociation of water is a 
pivotal chemical process that facilitates the conversion of fluctuating 
renewable resources, such as wind and solar power, into storable 
hydrogen fuel. This mechanism is fundamentally comprised of two 
distinct half-reactions: the hydrogen evolution reaction (HER) (HER, 
2H+ + 2e– → H2) and the oxygen evolution reaction (OER, 2H2O → O2 +

4H+ + 4e–), being OER the reaction in which the highest overpotentials 
are required, limiting the applicability of this technology [1]. Great 
results have been obtained using noble metal-based catalysts such as 
RuO2 and IrO2 as oxygen evolution reaction (OER) electrocatalysts [2]. 
However, the high cost and low stability under operation conditions 
have limited their application in real developments. Alternative mate
rials for OER electrocatalysts are being developed, based on nonprecious 
metals such as metal oxides [3], perovskites [4,5], phosphides [6] and 
metal hydroxides [7]. These are cheaper alternatives, but in most cases, 

these materials lack conductivity and require mixing with conductive 
materials. To address these challenges, various methodologies have 
been implemented by the scientific community. These include the 
introduction of foreign ionic species (cations or anions), the induction of 
structural vacancies, and the optimization of charge transport within 
electrocatalysts. The latter is often achieved through the integration of 
highly conductive substrates, such as nickel foam (NF), copper foam 
(CF) [8], etc.

Owing to their cost-effectiveness, high availability, and superior 
electrical conductivity, carbon-based nanostructures have emerged as 
highly efficient materials with extensive surface areas and robust sta
bility [9,10]. Over the last ten years, research into carbon-derived cat
alysts has surged [11], specifically regarding the enhancement of oxygen 
reduction reaction (ORR) [12,13] and OER [13,14] performance. Within 
this category, carbon dots (CDs) stand out due to their unique structural 
advantages. Unlike other carbon allotropes, the morphology of CDs is 
characterized by an abundance of active edge sites, which significantly 
boosts their electrocatalytic efficiency [15], surface modification, good 
photostability, water dispersibility, low cytotoxicity, and their facile and 
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cheap synthesis methods [16]. CDs have been synthesized using both the 
top-down [17] and the bottom-up [18] methods depending upon the 
required application. Due to the stringent environmental regulations, 
nowadays, the greenness and sustainability of nanomaterials are major 
requirements [19]. Using bottom-up strategies, CDs can be synthesized 
using a great variety of precursors, most of them using natural and 
abundant compounds like carbohydrates, amino acids, organic acids, 
etc. Furthermore, their composition can be tailored according to the 
chemical makeup of the precursors.

Doping strategies have been widely used since the optical, electrical, 
and catalytic properties of nanomaterials can be modified to the desired 
extent [20]. The electronic and chemical properties of CDs can be 
significantly altered through heteroatom doping. This process modifies 
their nanostructure by facilitating the overlap of atomic orbitals be
tween the dopants and the carbon framework. Furthermore, the 
inherent electron-donating or withdrawing characteristics of these het
eroatoms—known as the push-pull effect—allows for precise tuning of 
the material's overall composition. Metal ions have also been employed 
to dope CDs. Metal ions have more electrons and unoccupied orbitals 
than heteroatoms, and present larger atomic radius. All these are the 
reasons why doping CDs with metal ions induce important modifications 
of the electron density distribution and energy gap of the CDs, gener
ating changes in their optical, electronic, and catalytic properties [21]. 
Furthermore, the introduction of metal centers in the CDs nano
structures allows a good dissemination of the catalytic centers, which 
results in a high electrocatalytic activity despite the use of low quantities 
of these metallic centers, optimizing and economizing the production of 
these electrocatalysts. Among the metal centers that clearly have 
demonstrated their ability as OER electrocatalysts Fe, Co and Ni should 
be mentioned [22–28]. In fact, carbon nanodots doped with these metals 
or a combination of them have already been reported for use as OER 
electrocatalysts [29]. The role of Co and Ni centers during the OER 
mechanisms has been previously reported in the literature [30,31].

An important detail of using nanomaterials as electrocatalysts is how 
they are employed to modify electrodes. They have been widely mixed 
into catalytic inks that can be employed to modify the working electrode 
by drop-casting or can be deposited over a very conductive platform 
based on nickel and/or copper foams. These strategies sometimes lead to 
the collapse of the nanostructure, generating aggregates whose behavior 
and properties are different from those reported for the nanomaterial. To 
address this aspect, new strategies for the modification of electrodes 
using nanomaterials are being developed. One of these previously re
ported strategies is the grafting of carbon nanomaterials on carbon 
surfaces thanks to the generation of diazonium salts in the nanomaterial 
itself [32,33].

In this work, we have synthesized cobalt and nickel co-doped carbon 
dots (CoNi-CDs), which present aromatic amines in their structure, 
allowing the diazonium salt generation and the electrochemical grafting 
of CoNi-CDs over carbon electrodes. We have shown that the electro
catalytic behavior for OER of the nanomaterial clearly improved when 
they are grafted onto carbon electrodes compared with just drop-casting 
strategy. The modified electrodes by electrochemical grafting showed 
lower overpotential for OER compared with the same carbon electrodes 
modified with a reference material such as RuO2. The turnover fre
quency of the electrocatalyst centers (Cobalt and Nickel ions) embedded 
in the CDs nanostructure presents a high ratio, proving a great and stable 
electrocatalyst for OER in basic conditions.

2. Experimental section

2.1. Chemicals

Sigma-Aldrich® provided the L-arginine, 3,3′-diamino-n-methyl
dipropylamine, and ruthenium (IV) oxide (99.9% trace metals basis), 
along with the metallic precursors nickel (II) acetate tetrahydrate and 
cobalt (II) acetate tetrahydrate. Additionally, Potassium hydroxide 

(90% flakes) and a 5 wt. % Nafion™ perfluorinated resin solution were 
sourced from the same supplier. Sodium nitrite was acquired from 
Riedel-de-Haën (Seelze, Germany), while ethanol and 37% HCl were 
obtained from Merck and Scharlau, respectively.

2.2. Instrumentation

A focused microwave reactor (CEM Discover (Matthews (NC), USA)) 
was used for cobalt and nickel doped Carbon nanodots (CoNi-CDs) 
synthesis. The dialysis membrane tubing used had a cutoff value in the 
0.1-0.5 kDa range and was obtained from Spectrum Laboratories 
(Piraeus, Greece).

The Fourier transform infrared (FTIR) spectra of the CoNi-CDs 
(previously dried), and its precursors were recorded using KBr pressed 
pellets. The analysis was performed with a Brucker IFS60v spectrometer 
in the range of 4000 to 500 cm− 1.

Lacey carbon support film copper grids (400mesh) from Electron 
Microscopy Sciences® were employed for transmission electron micro
scopy (TEM) analyses. Image acquisition was performed using a JEOL 
2100 electron microscope.

Zetasizer Nano ZS instrument (Malvern Instrument Ltd.) was used for 
Zeta potential characterization.

The absorption spectra in the UV-Vis range for the CoNi-CDs and CDs 
aqueous solutions were acquired using a Shimadzu UV-1900 double 
beam spectrometer.

Atomic Force Microscopy (AFM) was conducted on a highly ordered 
pyrolytic carbon (HOPG) surface. Images were recorded with an Agilent 
5500 microscope, employing Olympus cantilevers (RC800PSA, 
200_20mm) and operating in tapping mode in air.

Surface analysis by X-ray Photoelectron Spectroscopy (XPS) was 
carried out utilizing a Phoibos 150 MCD system. The spectrometer 
featured a hemispherical analyzer and an Al Kα monochromatic source 
(1486.7 eV) with a 7 mm × 20 mm aperture. All measurements were 
recorded at ambient temperature within an ultra-high vacuum envi
ronment (base pressure of 2 × 10− 9 mbar). While the broad survey scans 
were acquired at a pass energy of 30 eV, high-resolution core-level 
spectra for O (1 s), C (1 s), N (1 s), Co (2p3/2) and Ni (2p3/2) were 
collected using a reduced pass energy of 20 eV. The calibration was 
performed by setting the adventitious carbon C (1s) at 285.0 eV, and the 
fitting and deconvolution of the XPS spectral regions were carried out 
using the fitt-xps software.

Electrochemical measurements were performed with a Metrohm- 
Autolab potentiostat PGSTAT 302 N. Carbon Screen-printed carbon 
electrodes (CSPE, DRP-110, Metrohm-DropSens) were employed in 
electrocatalysis experiments. An external homemade saturated calomel 
electrode (SCE) has been employed as reference in electrochemical 
measurements. Measurements were carried out in a homemade glass cell 
using the commercial connector for SPE of Metrohm-DropSens. When 
HOPG plates were used as electrodes (for surface characterization using 
AFM), homemade glass and Teflon cell for flat electrodes were 
employed. In this case a graphite bar was employed as counter electrode, 
and the same SCE was used as reference electrode.

2.3. Synthesis of Co, Ni doped carbon dots

The synthesis of the CoNi-CDs involved the preparation of a mixture 
containing 0.5 mmol each of L-arginine and 3,3′-diamino-n-methyl
dipropylamine, combined with 0.25 mmol of nickel (II) and cobalt (II) 
acetate tetrahydrates. These precursors were dissolved in 5.5 mol of 
Milli-Q water within a glass vial. Subsequently, the solution was sub
jected to thermal treatment using a CEM Discover® microwave system. 
The process lasted for 180 seconds, steadily achieving 235◦C and 
generating a maximum pressure of 20 bar. The resulting dark-brown 
solid was recovered and reconstituted in 10 mL of Milli-Q water, fol
lowed by filtration through a 0.1 μm pore-size membrane. To ensure 
high purity, the filtrate underwent a one-week purification process via 
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dialysis using a 0.5 kDa molecular weight cut-off (MWCO) membrane. 
CoNi-CDs solution final concentration after purification was 0.74 mg/ 
mL. The amount of cobalt and nickel found in carbon nanodot suspen
sion was determined by atomic absorption spectroscopy, given a con
centration of 4.5 mg/L and 7.8 mg/L in the CoNi-CDs suspension 
respectively. As we have mentioned, CoNi-CDs presents a concentration 
of 0.74 mg/mL, which corresponds to a percentage of 0.61% and 1.05%. 
CoNi-CDs suspension was concentrated using low pressure evaporator 
system, reaching a concentration of 5 mg/mL. The resulting solution was 
stored at 4◦C in the absence of light.

2.4. Electrografting of Co, Ni doped carbon dots over carbon electrodes

The synthesized doped carbon dots were diazotized by mixing 2.5 
mg/mL CoNi-CDs in 0.25 M HCl and 1.5 × 10− 2 M NaNO2 in an ice bath 
for different times under study. The electrografting process of the 

diazotized CoNi-CDs was performed by adding or dipping the reaction 
mixture on carbon electrodes (CSPE and HOPG, respectively) and 
cycling the potential between 0.00 and -0.85 V vs. SCE at 0.10 V/s 
different numbers of scans. Finally, the resulting CoNi-CDs modified 
electrode (CoNi-CDs /CSPE or CoNi-CDs /HOPG) was washed with pu
rified water.

2.5. Electrochemical measurements for OER electrocatalysis

Once the electrodes are modified by the electrografting of CoNi-CDs, 
50 cyclic voltammetry scans between 0.00 and 1.00 V vs. SCE at 0.1 V/s 
are applied in 1 M KOH as a pretreatment for electrode current 
stabilization.

For OER electrocatalysis analysis, lineal sweep voltammetry (LSV) 
experiments at 0.01 V/s were applied to the modified electrodes 
immersed in 1 M KOH. On the fly iR-correction method for cyclic 

Fig. 1. TEM micrographs of CoNi-CDs at different magnifications 150KX (A), 500KX (B), 500KX (C). EDS spectra of CoNi-CDs (D). AFM topographic image of CoNi- 
CDs adsorbed on a HOPG surface and topographic profile across the line drawn in green (E,F).
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voltammetry (CV) and LSV measurements were used, applying a partial 
compensation of 85% as it recommended for OER experiments by Jar
amillo et al. [34].

As reference material for a great OER electrocatalysis, we have 
employed RuO2. 1 mg RuO2/mL suspension was prepared in 20% 
Ethanol, 0.02 % Nafion water solution. 5 µL of the prepared suspension 
was dropped-casted over the working electrode of CSPE and then 
allowed it dry at room temperature.

3. Results and discussion

3.1. CoNi-CDs characterization

CoNi-CDs have been synthesized via hydrothermal synthesis using 
focused microwave radiation, following a similar procedure as the 
described by Prato et al. [35]. TEM micrographs of synthesized 
CoNi-CDs can be observed at Fig. 1 (A) (B) and (C) at different magni
fication grades. CoNi-CDs with quasi-circular shapes are observed, with 
an average diameter of 3.9 nm. The CoNi-CDs diameter ranges from 2.3 
to 5.5 nm. Energy dispersive spectroscopy was used to confirm the 
presence of Cobalt and Nickel metals in the CoNi-CDs nanostructure. As 
can be observed at Fig. 1 (D), the peaks corresponding to Cobalt and 
Nickel are around the main peaks related to the copper of TEM grids 
employed. Fig. 1 (E and F) shows the AFM topographic images of a 
HOPG surface after depositing the CoNi-CDs by drop casting. By 
zooming in one of the CoNi-CDs, individual CoNi-CDs are observed in 
detail where their circular structure is confirmed. The topographic 
profiles confirm the result obtained by TEM where the CoNi-CDs have a 
variable diameter, with an average diameter of 4 nm, agreeing well with 
TEM results. No aggregates were observed considering both techniques’ 
results.

CoNi-CDs and CDs (absence of Co and Ni) have been characterized by 
UV-Vis absorption spectroscopy. CDs have been synthesized as a control 
in the absence of the precursors that contain the metals. In both cases, an 
absorption band between 250-290 nm is observed, related to π-π* 
transition of the conjugated C=C and N=C present in the CDs core. This 
broadband is considerably higher in the case of CoNi-CDs than in the 
case of CDs, which is evidence of the different effects of nickel and cobalt 
doping atoms presence in the CoNi-CDs nanostructure.

Further characterization has been carried out using FT-IR spectros
copy (Fig. 2 (B)). In CDs spectrum, the stretching band corresponding to 
the OH and NH2 groups was detected as a broad signal with its peak/ 
maximum at 3436 cm− 1. In the case of CoNi-CDs a wider band appears, 
clearly showing a shoulder at 3436 cm− 1, and a primary peak at 3252 
cm− 1. This spectral profile stems from the successful embedding of metal 
centers within the carbon matrix and the subsequent formation of 
CoOOH and NiOOH phases. Additionally, the signals identified at 

approximately 2930 cm− 1 in both materials are assigned to C-H 
stretching vibrations, while the C=C vibrational mode at 1647 cm− 1 in 
the pure C-dots corroborates the presence of sp2-hybridized graphitic 
carbon. This band is wider in the case of CoNi-CDs, covering a range 
between 1562-1659 cm− 1, which agrees with the presence of cobalt and 
nickel atoms in the carbon dots nanostructure (Co=O and Ni=O vibra
tions). The band at 1399 cm− 1 is associated with C-OH, which is ascribed 
to the presence of more acetate groups (used as metal precursor com
pounds), being the reason why it increases in the case of CoNi-CDs. The 
broad band centered at 642 cm− 1 could be ascribed to Co-O and Ni-O 
stretching. FT-IR results confirm the presence of both metal ions in the 
carbon dots nanostructure, showing clear differences with the non- 
doped CDs.

3.2. Preliminary studies of OER electrocatalysis using CoNi-CDs over 
carbon electrodes

In order to evaluate the initial catalytic activity of the CoNi-CDs 
(Fig. 3). In a first approach CoNi-CDs were adsorbed on the surface of 
the electrode and present a moderate electrocatalytic activity for OER 
when they are just drop-casted over CSPE (Fig. 3- red line). This initial 
result aims us to focus our attention on new strategies for immobiliza
tion of CoNi-CDs over carbon electrodes that would enhance the elec
trocatalytic properties. We recently demonstrated that CDs 
functionalized with aromatic primary amines on their surfaces present 
very good solubility in aqueous solution and are suitable to be covalently 
anchored on carbon electrodes by electrografting [36,37].

To verify that the synthesized CDs contain primary aromatic amines, 
they were electrografted following the protocol described in experi
mental section. Our first attempt to immobilize CoNi-CDs via 

Fig. 2. (A) UV-Vis absorption spectra of CDs (red) and Co,Ni-CDs (black). FTIR spectra of CDs (red) and CoNi-CDs (black).

Fig. 3. LSV using RuO2/CSPE (black), adsorbed-CoNi-CDs/CSPE (red) and 
grafted-CoNi-CDs/CSPE (blue) in 1 M KOH at 0.01 V/s.
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electrografting showed a good result of the electrocatalytic activity of 
the modified electrode (Fig. 3-blue line), decreasing the onset potential 
compared with the drop-cast modified electrode (Fig. 3-black line).

3.3. Electrografting of CoNi-CDs over carbon electrodes

The resulting modified electrodes have been successfully employed 
for OER electrocatalysis, and regarding the electrocatalytic activity, 
different aspects of the electrografting process have been optimized. To 
optimize these parameters, the electrocatalytic activity of electrografted 
CoNi-CDs/CSPE, modified under different conditions, were analyzed 
considering the lower onset potential (J = 10 mA/cm2) and determining 
the overpotential as the difference between the onset potential and the 
OER standard potential 1.23 V vs. RHE.

An important parameter in the electrografting process is to decide 
the number of cyclic voltammetry scans applied. This parameter has 
been studied by applying 15, 25, 50 and 100 cyclic voltammetry scans. 
During these experiments the time required for CoNi-CDs diazotization 
was fixed at 3 hours. The lower overpotential was determined for 50 
scans (Fig. 4 (A)).

We fix 50 scans as the proper electrochemical treatment during 
electrode modification. Another important aspect is the diazonium salt 
generation, the time required for the diazotization reaction is a key 
parameter. We have studied different options, 1, 2, and 3 hours for the 
reaction time of CoNi-CDs with nitrite in an acidic medium in order to 
generate the diazonium salt. As can be observed in Fig. 4 (B), the 
greatest result was obtained using 2 hours as the reaction time for 
diazotization.

Fig. 5. shows the cyclic voltammetry scans obtained after applying 
the optimized protocol for electrografting of diazotized CoNi-CDs. As 
can be observed in the successive scans (Fig. 5. (A)) and clearly in the 
first scan of the process (Fig. 5. (B)-black line), an irreversible reduction 
process is observed, decreasing its current intensity in the successive 
scans. This process at -0.55 V is attributed to the reduction of aryldia
zonium groups, generating a highly reactive nucleophilic aryl group that 
is electrografted on the CSPE. This result confirms that the synthesized 
CoNi-CDs are rich in aromatic primary amines, allowing direct electro
grafting onto the electrode surface.

A gradual decrease in the cathodic current associated with this 
process is observed during successive potential cycles (shown by the red 
(25th scan) and blue (50th scan) lines in Fig. 5B. This phenomenon is 
characteristic of electrografting processes. During the successive scans, 
two reversible redox peaks can be observed at E0=-0.145 V and E0=- 
0.101 V, which are ascribed to hydroxylamine reduction and oxidation 
of the amine generated. This redox pair appears in the second cycle, that 
could be due to the reduction of the nitro to amino groups. This 

reduction is not total, but a portion of hydroxylamine groups remains as 
such. Control experiments were conducted under identical conditions, 
utilizing solutions of non-diazotized CoNi-CDs. No reduction process 
was observed in this scenario (data not presented). These findings 
validate that the synthesized CoNi-CDs possess surface aromatic amines, 
which, upon diazotization, facilitate their immobilization via electro
grafting and the subsequent formation of a covalent bond.

3.4. Modified electrode surface characterization

The carbon surface obtained after modifying it with electrografted 
CoNi-CDs was studied by AFM and can be seen in Fig. 6. The AFM images 
in contact mode show that the new surface is covered but not with cir
cular structures associated with individual CoNi-CDs as we saw previ
ously by AFM (Fig. 1 (E,F)) where circular structures randomly 
distributed throughout the surface, what the AFM image shows is that a 
new nanopattern has been generated on the surface. The surface 
coverage is homogeneous, and there is an ordered, quasi-periodic 
nanopattern of grafted areas associated with the CoNi-CDs and non- 
grafted areas. We can observe that the nanopattern obtained is due to 
the grouping of CoNi-CDs and that they are interconnected with each 
other following a pattern. If we look in more detail at the image that 
contains the zoom, we can see that individual CDs are distinguished 
(Fig. 6 (C)). In the topographic profile, it can be seen that the electro
grafted areas have a height of approximately 1 nm. A height lower than 
the height found for a CoNi-CDs deposited by drop casting. This fact has 
been observed previously and could be related to the electrochemical 
process applied [38]. The formation of these nanopatterns could be due 
to the formation of stabilized nanobubbles formed within the electro
chemical depletion layer, which are assumed to be responsible for pro
tecting the surface of the patterned substrate against grafting by aryl 
radicals [39].

Successful functionalization by diazotized CoNi-CDs electrografting 
is confirmed by AFM.

XPS analysis of grafted-CoNi-CDs/CSPE was carried out and 
compared with drop-casted-CoNi-CDs/CSPE to see the possible compo
sition modifications of CoNi-CDs after the electrografting protocol. As a 
control, CSPE was also analyzed to see the contribution of CSPE to the 
XPS analysis of different binding energy regions. Carbon, Nickel, and 
Cobalt binding energies regions were deeply analyzed (Fig. 7). The 
carbon 1S region (Fig. 7 (A)) shows, in the case of CSPE, a band 
deconvolved in three components associated with hydrocarbons (285 
eV), C-N bonds (286 eV), and C-O bonds (287 eV). When CSPEs are 
modified with CoNi-CDs, a significant increment of the components of 
286-287 eV occurs, which are associated with Nitrogen and Oxygen 
functional groups generated over the surface of carbon dots. When CoNi- 

Fig. 4. Onset potential at J = 10 mA/cm2 obtained using grafted CoNi-CDs/CSPE prepared under different conditions: (A) Cyclic voltammetry scans during the 
electrografting process. (B) CoNi-CDs diazotation reaction time.
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CDs are electrografted with the described protocol, we can observe how 
the grafting process also modified the carbon 1s region of the surface, 
decreasing the components 286-287 eV, because of the generation of N2 
during the electrografting process, reducing the amount of nitrogen 
functional groups over the surface. This result is another evidence of 
how the electrografting process is working, and it changes the compo
sition of CoNi-CDs. Another significant change observed in the C 1s re
gion is a new component around 292 eV, which has been previously 
observed in systems associated with π-π* shake-up transitions, which 
can be associated with the superimposition of carbon nanodots during 
the grafting process. Furthermore, an intense peak at 294 eV is also 
observed in the analysis, which corresponds to potassium, doubt to the 
activation of the grafted-CoNi-CDs/CSPE surface in 1 M KOH (electro
catalysis operation medium), previously to the XPS analysis. The ni
trogen region also showed significant information (Fig. 7 (B)). CoNi-CDs 
drop-cast over CSPE showed a great amount of amine groups, azide, and 
ammonium groups associated with 400 and 402 eV binding energies, 
respectively. However, a clear difference in Nitrogen region is observed 

after electrografting process, in which the amount of nitrogen clearly 
decreases, as consequence of the production of N2 during electro
reduction process of aryl diazotized amines. Furthermore, a new 
component at 407.5 eV appears, which is related to nitrates. These ions 
are generated over the electrode surface as a consequence of the pres
ence of nitrites during the diazotization protocol and the subsequent 
oxidation of them during the electrochemical activation of the grafted- 
CoNi-CDs/CSPE surface in 1 M KOH (electrocatalysis operation me
dium). Regarding nickel region (Fig. 7 (C)), in both drop-cast-CoNi-CDs/ 
CSPE and grafted-CoNi-CDs/CSPE, nickel signal can be observed as it 
was expected. The detected nickel signal at 856,6 eV binding energy can 
be associated with nickel acetate environment, which is in good agree
ment with the nickel precursor employed (nickel (II) acetate tetrahy
drate), pointing out that the incorporation of nickel cations into CDs 
nanostructure are through oxygen coordination. In both cases the same 
component appears, but a wider band is observed after electrografting 
process and basic medium activation of grafted-CoNi-CDs/CSPE at 1 M 
KOH, which can result in new nickel chemical forms such as nickel ox
ides, nickel hydroxides, etc. Similar results can be deduced from the 
cobalt binding energies region (Fig. 7 (D)). Cobalt signals can be 
detected, in less intensity than nickel, in both drop-casted-CoNi-CDs/ 
CSPE and grafted-CoNi-CDs/CSPE, being the binding energies detected 
of 781 eV. These results confirm even the Cobalt and Nickel atoms 
incorporation into carbon nanodots structures, as both of them are 
detected in drop-casted-CoNi-CDs/CSPE, and even that they keep over 
electrode surface when electrografting process is carried out to attached 
carbon dots over CSPEs. Furthermore, the changes observed in the 
carbon region after electrografting process are explained by the elec
trode surface modification via a grafting process.

3.5. OER electrocatalysis using CoNi-CDs

The platform with the CoNi-CDs/CSPE grafted with the optimized 
conditions was assessed for its effectiveness as OER electrocatalyst in 1 
M KOH (Fig. 8 (A)). Linear scanning voltammetry measurements were 
performed using the as prepared electrocatalytic platforms. The blue 
line shows the response offered by grafted-CoNi-CDs/CSPE with the 
optimized electrografting conditions of the CoNi-CDs, and the response 
offered can be compared with the electrode used in the presence of RuO2 
(previously drop-casted over CSPE) (black), undoped CDs grafted 
following the optimized protocol (green), and in a bare CSPE (orange).

As can be seen in Fig. 8 (B) the developed grafted-CoNi-CDs/CSPE 
clearly decreased the overpotential, not only of a bare CSPE, but even 
of a CSPE modified with undoped CDs grafted following the optimized 
protocol and with a CSPE modified with a reference electrocatalyst as 
RuO2, decreasing the overpotential around 160 mV. Tafel slopes have 
been also analyzed (Fig. 8 (C)), showing that in the case of grafted-CoNi- 
CDs/CSPE a value of 83.5 mV/dec which is lower than the Tafel slope 

Fig. 5. (A) Successive CV scans (50 scans) of the electrografting process of the CoNi-CDs diazonium salt (2.5 mg/mL) over CSPE in 0.25 M HCl and 1.5 × 10− 2 M 
NaNO2 at 0.1 V/s. (B) Selective CV scans from (A): 1st scan (black), 25th scan (red), and 50th scan (blue).

Fig. 6. AFM topographic image of CoNi-CDs electrografting on HOPG surface 
(A). AFM topography zooms in on the square drawn in Fig. A (B) and in Fig. B 
(C). Topographic profile across the line drawn in Fig. C (D).
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determined for the reference material RuO2/CSPE (95.7 mV/dec). Turn 
Over Frequency (TOF) of the electrocatalyst was calculated considering 
that only the metal atoms (nickel and cobalt) are the responsible of 
electrocatalyzed the OER. The amount of cobalt and nickel moles over 
the modified electrode were obtained from the charge of the cyclic 
voltammetry peak related with the oxidation processes Ni(OH)2↔ 
NiOOH and Co(OH)2 ↔CoOOH (Fig. S1) applying equation (1): 

n=Q / (Fxν)

where n is the number of moles electrochemical active, F is the Faraday 
constant and ν is the number of electron exchange during the redox 
process (ν=1). From this data we consider that the amount of cobalt and 
nickel atoms are 4.4⋅10− 9 moles. To calculate the TOF equation (2) was 
employed: 

TOF= I / (4⋅F⋅n)

Where I is the current intensity of OER electrocatalytic process at 
1.675 V vs. RHE (1.26 mA), F is the Faraday constant, and n is the 
number of moles of electrocatalyst involved in the OER (4.4⋅10− 9 

moles).
The TOF obtained from the previous equation gives us a result of 

0.74 s− 1. This extraordinary result is the consequence of the great 
accessibility of hydroxyl ions to the metal centers dispersed over the 
CoNi-CDs nanostructure, obtaining great electrocatalytic behavior with 
a small amount of metal centers presence over the modified electrode.

The electrochemical double-layer capacitance (Cdl) of CoNi-CDs/ 
CSPE grafted was calculated to estimate the electrochemically active 
surface area (ECSA) obtaining a capacitance value of 28.3 µF and a ECSA 
of 0.708 cm2 Figure S2. For comparison with other reported 

electrocatalysts current density of LSV obtained from CoNi-CDs/CSPE 
grafted has been included in figure S3. As can be observed, the graft
ing protocol enhances in factor of 6 the geometric area of the employed 
electrodes, helping also with the electrocatalytic process.

Nanomaterials composed of nanoclusters with various metals are 
described in the literature as acting as excellent electrocatalysts for 
oxidation and evolution reactions [40–42]. Because they offer metal 
centers capable of improving the conductivity as well as the kinetics of 
the catalysts based on their Tafel slopes for the OER [43]. Based on this, 
a mechanism for OER on electrodes has been proposed based on charge 
transfer at a surface-active site of a metal [44,45]. The incorporation of 
Cobalt and Nickel sites, present as either nanoparticles or 
surface-anchored species, facilitates multi-electron transfer by lowering 
activation energies. This is achieved through the effective adsorption 
and stabilization of critical intermediates, specifically *OH, *O, and 
*OOH. Concurrently, nitrogen doping within the carbon lattice alters 
the electronic environment, redistributing electron density around the 
metal centers to further anchor reaction intermediates. The resulting 
synergy between the metallic sites and the N-doped framework mini
mizes overpotentials and accelerates reaction kinetics. Throughout the 
Oxygen Evolution Reaction (OER), the metal sites undergo a cycle from 
M-OH to M-O and M-OOH, eventually evolving O2 and regenerating the 
active site. This interplay optimizes adsorption energies and ensures 
rapid charge-transfer pathways, leading to superior electrocatalytic ac
tivity [46–48].

Electrocatalyst stability is a key factor required in the development 
of energy devices. We have analyzed the stability of grafted-CoNi-CDs/ 
CSPE applying successive LSV. Fig. 8 (D) showed how the electro
chemical activity almost does not decrease during this long experiment, 
showing just a decrease of 20% of their initial current density at E =

Fig. 7. XPS analysis of CSPE (black), drop-casted-CoNi-CDs/CSPE (red) and grafted-CoNi-CDs/CSPE (blue) at different binding energies regions: C 1s (A), N 1s (B), Ni 
2p3/2(C) and Co 2p3/2 (D).
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1.625 V vs. RHE (onset potential j = 10 mA/cm2).
EIS experiments were carried out to study the interfacial properties 

of the developed surfaces. As can be observed at Fig. 8 (E) the smallest 
charge transfer resistance is obtained using the developed electrode 
grafted-CoNi-CDs/CSPE, being lower than electrode modified with a 
reference material as OER electrocatalyst (RuO2/CSPE). Which suggests 
that grafted-CoNi-CDs/CSPE is much more conductive. As we expected, 
the difference is huge between the unmodified CSPE and the grafted- 
CoNi-CDs/CSPE.

The state of the art of new OER electrocatalysts based on carbon 
nanodots can be analyzed in Table 1. Unless great electrocatalyst with 
lower overpotential have been previously developed, our methodology 
allows a competitive electrocatalyst with great and competitive TOF 

value, which makes them affordable and very sustainable as small 
number of metals atoms are required for its development. Remarking 
our developed electrocatalysts platform (CoNi-CDs/CSPE), we can 
mention a very competitive TOF with other reported electrocatalysts, 
and good result regarding the overpotential at 10 mA/cm2, which results 
in a competitive overpotential value unless lower values have been 
demonstrated. A key point of the developed electrocatalyst platform is 
the use of economic carbon screen printed electrodes, instead of using Ni 
foam. The developed methodology can be used in other carbonaceous 
materials, opening new possibilities for the modification of highly 
porous carbon materials, which can enhance the OER electrolytic 
activity.

Fig. 8. (A) LSV using RuO2/CSPE (black), grafted-CoNi-CDs/CSPE (blue), grafted-CDs/CSPE (green) and CSPE (orange) in 1 M KOH at 0.01 V/s. (B) Onset potential 
at J = 10 mA/cm2 obtained from (A). (C) Tafel slope obtained from (A). (D) Successive LSV using grafted-CoNi-CDs/CSPE: 1st scan (black) and 5000th scan (red) in 1 
M KOH at 0.01 V/s. (E) Nyquist Plot obtained from EIS experiments using RuO2/CSPE (black), grafted-CoNi-CDs/CSPE (blue) and CSPE (orange) in 1 M KOH at E =
1.675 V vs. RHE.
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4. Conclusions

In summary, we have designed and synthesized Cobalt and Nickel 
doped carbon nanodots (CoNi-CDs) using a facile microwave-based 
synthesis method with controlled temperature and pressure. The cata
lyst showed improved and robust activity for the oxygen evolution re
action (OER) in alkaline medium and presents a lower overpotential for 
OER compared to the reference material RuO2. The embedding of a 
small number of metals ions inside the carbon nanodot, confirmed by 
XPS, has been sufficient to obtain a high turnover frequency. The elec
trocatalytic performance of CoNi-CDs reached a promising current 
density of 40 mA/cm2 and remarkable robust stability for the OER in 
alkaline media. The high performance obtained has been due to the 
electrografting of the CoNi-CDs on a carbon surface, that has resulted in 
surface modification with an ordered nanopattern and a uniform dis
tribution of the CoNi-CDs, as confirmed by AFM. We believe that the 
findings obtained in this work will not only provide a guide for the 
design of more efficient and stable catalysts but also open a new path for 
further exploration of the structure of electrocatalysts by expanding 
knowledge in catalytic mechanisms and DFT calculations.
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