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A B S T R A C T   

Metal-free electrocatalysts for the electrochemical conversion of gases constitute an important asset for a sus
tainable energy transition. Nucleotides act as redox mediators in the electron transport chain to reduce oxygen in 
cellular respiration. The biomimicry of such an efficient natural mechanism could be utilized to address the 
challenges associated with electrochemical gas conversion technologies, such as sluggish kinetics and high 
overpotentials. Multiple descriptors are generally reported to benchmark the activity of electrocatalysts where 
the turnover frequency (TOF) is claimed to be the most accurate criterion. Here, a library of graphene 
nanosheets-nucleotide hybrid materials was prepared, and the electrocatalytic performance towards ORR/OER 
reactions of a graphene-flavin mononucleotide hybrid was evaluated by rotating disc electrode experiments and 
TOF estimation. The determination of catalyst loading and dispersion is especially relevant when assessing the 
intrinsic activity of a catalyst and, therefore, the amount of nucleotide electrocatalyst loaded into the graphene 
support was thoroughly quantified by a combination of characterization techniques. Density functional theory 
calculations supported the observed experimental trends, both on the adsorption rate of a given nucleotide on 
graphene and the catalytic activity of a specific hybrid material. This work constitutes an avenue to predict 
nature-mimicking electrocatalysts for efficient energy storage.   

1. Introduction 

Global warming and the energy crisis require the search for new 
technologies to support the transition from fossil fuels to sustainable and 
environmentally friendly resources [1–3]. Renewable energy sources 
such as wind and solar are increasingly being adopted; however, their 
intermittent nature makes the development of long-term storage solu
tions critical [2]. In this context, the combination of electrolyzers [1] – 
oxygen evolution and hydrogen evolution reactions (OER, HER) − with 
fuel cells − oxygen reduction and hydrogen oxidation (ORR, HOR) − to 
create a regenerative fuel cell for storing electrochemical energy is an 
attractive approach [1–6]. Another promising option for high-capacity 
energy storage are metal-air batteries, which operate through the elec
trochemical conversion of gases, involving the ORR during discharge 

and the reversible oxidation of oxygen (OER) during charge [7–10]. 
The electrochemical reduction/oxidation of gases is, therefore, a 

very interesting approach to bridge the gap between environmental 
remediation and future energy supply [11–20]. However, all these re
actions present high overpotentials and low energy efficiencies which 
have led to extensive efforts devoted to the development of efficient 
electrocatalysts [21–27]. While precious metals and metal transition 
oxides have been extensively studied for various reactions [28–38], their 
limited availability and high-cost highlight the need for developing 
metal-free bifunctional materials [5,32,39–41]. 

Proteins, metal complexes or ribozymes – small biomolecules found 
in living organisms – are considered potential alternative electro
catalysts capable of catalyzing both oxidation and reduction reactions 
[42–45]. For instance, nucleotides are metal-free, simple and relatively 
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cheap molecules which participate as redox enzyme cofactors for oxygen 
reduction in cellular respiration [46–48]. Such complex and efficient 
multiphase chemistry in metabolic pathways is very similar to that 
limiting the performance of fuel cells or metal-air batteries. However, 
nucleotides lack electronic conductivity, necessitating their incorpora
tion into conductive materials for ORR and OER. In this context, carbon 
materials have been extensively studied as supports and conductive 
agents [33,42,49–58]. Specifically, graphene's exceptional electrical 
conductivity and 2D accessible surface area make it an excellent support 
for adsorbing and maximizing the electrocatalytic activity of biological 
catalysts [25,52,59]. Particularly, the conjugated nucleobase in the 
nucleotides can strongly attach via π-π stacking with the electronically 
conjugated structure of graphene, producing a synergy between the 
electrical conductivity of the carbon material and the catalytic effect of 
the nucleotide [60–62]. 

High-throughput experimental and computational studies have 
focused on screening the electrocatalytic activity of nitrogen heterocy
clic molecules, analogous to nucleotides, grafted onto different carbon 
supports for ORR, showcasing promising results [5,41,63]. However, 
while these nitrogen heterocyclic molecules hold significant potential as 
electrocatalysts for energy conversion and storage, the electrocatalytic 
activity of nucleotides in this specific context remains largely unex
plored [38,64]. 

In this work, we prepared a small library of nucleotide/graphene 
hybrids through a straightforward liquid adsorption process in low- 
oxidized graphene nanosheets obtained by electrochemical exfoliation. 
These six nucleotides were chosen based on the structure of the nucle
obase (different aromatic rings and functional groups, to explore 
potentially different behaviors) as their redox properties generally 
derive from the molecular structure of their nucleobase[47]. Herein, we 
determined the quantification of loading and dispersion of such hybrid 
metal-free catalysts through TGA, UV–vis absorption spectroscopy, en
ergy dispersive X-ray microscopy and X-ray photoelectron spectroscopy 
(XPS) which is an unexplored field. In addition, we further validated the 
experimental results by modeling the adsorption energies of the nucle
otides on the graphene surface. 

Regarding the catalytic capacity of nucleotides, we hypothesized 
that the presence of nucleotides adsorbed on graphene might improve 
their oxygen kinetics. First, graphene provides a conductive support for 
the electrons which are readily shuttled to the redox-active centers; 
second, the high oxygen binding affinity of these nucleotides could 
facilitate the diffusion of oxygen through the electrode. Therefore, as 
illustrated in Fig. 1, nucleotides are expected to act as well-dispersed 

oxygen binding species in their hybrids with graphene, so that electro
catalytic active centers would be present in most of the carbon support, 
thus improving oxygen diffusion and reaction kinetics. 

If the hypothesis proposed in Fig. 1 is confirmed, it would open the 
path towards the development of innovative metal-free bio-based 
bifunctional catalysts with enhanced ORR and OER kinetics for a wide 
range of devices such as electrolyzes, metal-air batteries and beyond. 

2. Experimental and computational methods 

2.1. Chemicals 

Xanthosine-5′-monophosphate (XMP, Cayman Chemical), inosine-5′- 
monophosphate disodium salt hydrate (IMP, Thermoscientific, crystal
line powder), guanosine-5′-monophosphate disodium salt hydrate 
(GMP, Sigma Aldrich, from yeast ≥99.0%), thymidine-5′-mono
phosphate disodium salt (TMP, Thermoscientific, powder), cytidine-5′- 
monophosphate disodium salt (CMP, Thermoscientific, 99 + % crys
talline powder), riboflavin-5′-phosphate sodium salt dihydrate (FMN, 
Thermoscientific), sodium sulfate (Na2SO4, Sigma Aldrich, ≥ 99.0% 
anhydrous), sodium chloride (NaCl, Scharlau, reagent grade, ACS), 2- 
propanol (or isopropanol, IPA, Thermoscientific, GC Grade, 99.7 +
%), Nafion 117 containing solution (Sigma Aldrich, ̴ 5% in a mixture of 
lower aliphatic alcohols and water). 

2.2. Anodic exfoliation of graphite: preparation and physicochemical 
characterization of low-oxidized graphene nanosheets 

A graphite foil (25x45x1 mm, from Mersen PAPYEX® I980) was 
anodically exfoliated using a platinum foil (25x25x0.025 mm3, purity 
99.95%, from GoodFellow) as the cathode. The two electrodes were 
immersed into an aqueous 0.1 M Na2SO4 solution at a distance of 1 cm 
from each other. The sulfate anion is known to intercalate and expand 
the interlayer space of graphite under anodic conditions [65]. Sodium 
sulfate was chosen for this study because it is a mild and innocuous 
compound, making it safer to handle compared to strong acids (e.g., 
H2SO4) that are also used in the preparation of graphene by (electro) 
chemical exfoliation of graphite. Furthermore, sodium sulfate has been 
reported to yield high-quality graphene nanosheets with low to mod
erate levels of oxidation [66]. The electrodes were connected to a Key
sight E3633A power supply and a positive voltage of 10 V was applied to 
the graphite foil electrode for 1 h. Afterwards, the electrolyte was 
removed by filtration and the resulting highly expanded graphite 

Fig. 1. Hypothesis on how nucleotides adsorbed on graphene by π-π interactions would act as electrocatalytic active centers for ORR and OER.  
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particles were washed with 1 L of deionized water. The obtained powder 
was further washed to remove the electrolyte excess by recovering the 
material from the filter with an additional 200 mL of deionized water, 
stirring for 2 h and filtering. Then, 200 mL of an isopropanol/water 
(IPA/H2O) mixture (35/65 v/v %, pH = 7.29) was added to the filtered 
material and sonicated in a J.P.Selecta Ultrasons system (40 kHz; power: 
30 W L− 1) for 3 h to complete delamination of the expanded graphite 
into individual graphene nanosheets. The dispersion of graphene 
nanosheets in IPA/H2O was subjected to low-speed centrifugation 
(2000 g, 20 min; Sorvall Legend X1 centrifuge, Thermo Scientific) to 
eliminate the non-fully exfoliated graphite. The graphite sediment was 
discarded, and the supernatant enriched in graphene nanosheets was 
kept. The concentration of the graphene dispersion was determined by 
UV–vis absorption spectroscopy (VARIAN Cary 5000) through Lambert- 
Beer's law (Fig. S1a) and diluting by a factor of 451. The absorbance was 
measured at a wavelength of 660 nm, using a previously estimated 
extinction coefficient of ε660 = 2440 mL mg− 1 m− 1 [67]. The concen
tration of the graphene dispersion was adjusted to 2 mg mL− 1 by 
centrifugation of the dispersion at 25000 g for 20 min (Biocen 22 
centrifuge, Ortoalesa) to sediment the graphene and adding a suitable 
amount of IPA/H2O solvent. 

The morphology of drop-cast graphene layers was characterized 
using atomic force microscopy (AFM). To this end, the obtained dis
persions were diluted by a factor of 50 and the diluted dispersion was 
sonicated for 15 min. 10 μL of diluted dispersion was deposited on a 
mica substrate and placed for 2 h in an oven at 60 ◦C. Subsequently, an 
additional 10 μL was added and left overnight at 60 ◦C. To complete 
drying, the mica was placed in a vacuum oven at 120 ◦C for 72 h. AFM 
images were recorded in the tapping mode of operation with an Agilent 
5500 AFM apparatus. Non-reflective silicon cantilevers (APP Nano) with 
nominal spring constant about 40 N/m and resonant frequency of 295 
kHz were used. 

For preparing graphene aerogel powders, part of the graphene 
dispersion was centrifuged at high speed (25,000 g, 20 min) to sediment 
the graphene fraction and to redisperse in neat water. The aqueous 
dispersions were frozen at − 75 ◦C in an ultra-freezer and subsequently 

freeze-dried in a Telstar LyoQuest equipment at − 80 ◦C for 72 h 
(aqueous dispersions of graphene were prepared instead of those with 
IPA/H2O as alcohols can damage the freeze-dryer). The structural order 
of the graphene nanosheets comprising the aerogel was studied by 
Raman spectroscopy using a Renishaw spectrometer (Nanonics Multi
view 2000) operating with an excitation wavelength of 532 nm, focused 
with a 50Х long working distance objective. The spectra were obtained 
by performing 10 acquisitions with 10 s of exposure time of the laser 
beam to the sample. The oxidation degree of the graphene nanosheets 
was also studied from the aerogel powders by XPS on a SPECS spec
trometer equipped with a Phoibos 100 hemispherical electron energy 
analyzer. The spectra were acquired at a pressure below 10− 7 Pa using a 
monochromatic Al Kα X-ray source operated at a voltage of 14.00 KV 
and a power of 175 W. The spectra were acquired at a take-off angle of 
90◦. The photo-excited electrons were analyzed in constant pass energy 
mode, using a pass energy of 50 eV. The use of bulky graphene aerogels 
instead of dispersed/deposited specimens for the Raman and XPS 
characterization was preferred as both are surface techniques. An 
insufficient thickness of the samples might lead to inaccurate results due 
to the interference of the support. The aerogel powders were processed 
using a die by pressing them at 0.5 Ton for 1 min prior to the analysis. 

2.3. Preparation of nucleotide/graphene nanosheet hybrids 

Fig. 2 shows the chemical structure and acronyms of the nucleotides 
selected for the preparation of hybrids with graphene. Nucleotides are 
comprised of a phosphate group, a pentose sugar and a nitrogenous 
heterocyclic nucleobase, which in turn can be composed of a one-ring 
pyrimidine or a two-ring purine aromatic moiety). The chemical struc
ture for each nucleotide is presented considering the pH (7.29) of the 
IPA/H2O solvent used to disperse the graphene nanosheets. The phos
phate anions in the sodium nucleotide salts possess pKa values around 
3.9 and 6.1 [68], and therefore they are deprotonated at neutral pH. 
Also, the pKa of the functional groups in the different nucleobases, 
except xanthine, lie above the solvent pH, so the nucleobases themselves 
will be electrically neutral. For xanthosine monophosphate (XMP), one 

Fig. 2. Molecular structure of the different nucleotides used in this work to prepare the nucleotide/graphene hybrid materials at pH 7.29. The nomenclature used to 
reference each molecule is also indicated. 
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of the -NH groups in the xanthine nucleobase presents a pKa value of 6.4 
[69]. This group will therefore be deprotonated at the solvent pH, 
lending the molecule an additional negative charge. All the nucleotides 
of Fig. 2 were adsorbed onto the anodically exfoliated graphene nano
sheets following the procedure schematically depicted in Fig. S2. 

Concentrated solutions of adsorbate (5 mg mL− 1 or 0.01 mol L− 1) 
were prepared by directly adding 20 mg of each mononucleotide salt on 
4 mL of a 2 mg mL− 1 graphene dispersion. The mixture was bath- 
sonicated for 20 min and left in a roll stirrer for 24 h at 60 rpm to 
ensure the physical adsorption of the nucleotide onto the graphene 
nanosheets. The dispersion was then submitted to high-speed centrifu
gation (25,000 g) for 20 min to separate the nucleotide/graphene hybrid 
from the nucleotide solution by sedimentation: (1) the supernatant 
(referred to as SP1) was collected and (2) the sediment was redispersed 
in 4 mL of fresh IPA/H2O to wash the hybrid material and remove free 
nucleotide molecules remaining in the small volume of solvent collected 
with the sediment. To this end, the redispersed sediment was bath- 
sonicated for 20 min, roll-stirred for 30 min at 60 rpm, and then 
recovered by centrifugation (25,000 g for 20 min): (1) the resulting 
supernatant (referred to as SP2) was collected and (2) the sediment 
containing the nucleotide/graphene hybrid was redispersed in neat 
water and freeze-dried under the same conditions as those used for 
graphene dispersions in Section 2.2. The hybrid materials were denoted 
as “HX”, where X stands for the nucleotide acronym as defined in Fig. 2. 
For instance, XMP is the pure xanthosine monophosphate salt and HXMP 
is the xanthosine monophosphate/graphene hybrid material. 

2.4. Quantification of the nucleotide loading in the hybrid material 

Besides intrinsic activity, loading and dispersion are the most 
important parameters affecting the performance of a given (electro) 
catalyst [70,71]. The study of these parameters is well established for 
metal-based catalysts, where thermogravimetric analysis (TGA), 
inductively coupled plasma (ICP), or hydrogen chemisorption are 
extensively used [71–73]. However, the determination of loading and 
dispersion of metal-free catalysts is still underexplored, necessitating the 
development of suitable and accurate techniques prior to conducting 
electrochemical performance tests. This challenge becomes particularly 
pronounced when working with graphene, as its low density and poor 
dispersibility in aqueous solvents make it inherently difficult to process. 

The amount of mononucleotide salt adsorbed onto the graphene 
nanosheets was calculated indirectly by UV–vis absorption spectroscopy 
from Eq. (1). 

%Adsorbed nucleotide =
[[C0] • Vt − [SP1] • Vs − [SP2] • Vs ]

M
• 100 (1)  

where [C0] is the concentration of the nucleotide salt in the initial so
lution, Vt is the total volume of the initial dispersion, [SP1] is the con
centration of the nucleotide on the supernatant after the adsorption, Vs is 
the supernatant volume, and [SP2] is the concentration of the nucleotide 
in the supernatant resulting from washing the hybrid material. [SP2] 
considers both the nucleotide molecules desorbed from the hybrid and 
those which were not adsorbed in the graphene nanosheets but were 
collected with the sediment in a small volume of solvent. [SP1] and 
[SP2] were calculated with the assistance of calibration curves plotting 
absorbance vs. nucleotide concentration, which had been previously 
determined. To this end, 1 mg mL− 1 stock solutions of nucleotide salts in 
IPA/H2O (35:65) solvent were first prepared. Diluted solutions ranging 
from 5 × 10− 3 to 7 × 10− 2 mg mL− 1 were then obtained from the stock 
solution and measured by UV–vis absorption spectroscopy at a wave
length characteristic of each nucleotide (Fig. S1b and S1c: λmax, AMP =

259 nm, λmax, CMP = 272 nm, λmax, GMP = 254 nm, λmax, IMP = 250 nm, 
λmax, FMN = 448 nm, λmax, TMP = 267 nm, λmax, XMP = 278 nm), from 
which the calibration plots were derived (Fig. S3). 

Complementary to the UV–vis absorption spectroscopy technique, 

the amount of adsorbed nucleotide on the graphene support was esti
mated using TGA. In this case, the freeze-dried nucleotide/graphene 
hybrid in aerogel powder form (Fig. S2) was directly analyzed on a 
NETZSCH STA 449 F3 Jupiter equipment, in argon atmosphere with a 
heating ramp of 10 ◦C min− 1 up to 1000 ◦C. A 1 h isothermal step at 
100 ◦C on the TGA apparatus was included to completely remove water 
from the hygroscopic nucleotide salts. The amount of nucleotide 
adsorbed onto the graphene surface was estimated using Eq. (2), 

%M(Nucleotide in the hybrid) =
%R (hybrid) − %R (graphene)

%R (nucleotide) − %R (graphene)
x 100

(2)  

where %R is the mass percentage of the residue remaining in each 
sample after the heat treatment at 1000 ◦C. This equation was ratio
nalized following the assumptions included in the Supporting Informa
tion and considering that:  

1) The decomposition of the ribose/nucleobase in the nucleotide upon 
heat treatment results in the release of H2O, CO2, HCNO, and NH3. 
However, the phosphate moiety remains as refractory oxides, along 
with the graphene support [38,74–77]. Hence, when determining the 
quantity of nucleotide, it is necessary to consider the residues left 
behind by the two phases separately (graphene and nucleotide salt), 
as well as the residue left by the hybrid material.  

2) The amount of residue left behind by both stand-alone components 
(i.e., graphene and nucleotides separately) is the same as that of their 
counterparts in the hybrid material. 

A third quantification of the amount of nucleotide adsorbed in the 
nucleotide/graphene hybrids was conducted by XPS on a SPECS spec
trometer equipped with a Phoibos 100 hemispherical electron energy 
analyzer. Different pellets were prepared from hybrid aerogel powders 
using a die and pressing them at 0.5 Ton for 1 min. The spectra were 
acquired at a pressure below 10− 7 Pa using a monochromatic Al Kα X- 
ray source operated at a voltage of 14.00 kV and a power of 175 W. The 
spectra were acquired at a take-off angle of 90◦. The photo-excited 
electrons were analyzed in constant pass energy mode, using a pass 
energy of 50 eV. 

2.5. Estimation of nucleotide solubility in IPA/H2O solvent 

The solubility of each nucleotide salt was estimated by preparing 
supersaturated solutions of the different mononucleotide sodium salts in 
the 35/65 v/v% IPA/H2O solvent. The solutions were centrifuged at 
10000 g for 20 min to remove the non-dissolved (dispersed) salt and the 
concentration of the supernatant was measured by UV–vis absorption 
spectroscopy using the calibration curves displayed in Fig. S3. 

2.6. Dispersion of the nucleotides in the hybrid material 

The dispersion of the nucleotides on the surface of the graphene 
support was studied by Scanning Electron Microscopy-Energy Disper
sive X-Ray spectroscopy (SEM-EDX) using a FEI Quanta 250 microscope 
equipped with an ADC1 detector operating at 10.00 kV, spot size set at 
3.5 and a dwell of 1000 μs. The EDX mapping images were acquired for 
phosphorous and nitrogen atoms at a magnification of ×50. 

2.7. Assessment of the ORR/OER electrocatalytic performance of a 
hybrid material 

The electrocatalytic activity towards ORR/OER reactions of HFMN 
hybrid material was studied to explore the potential of nucleotides in 
energy conversion technologies. Graphene without any nucleotide 
adsorbed on its surface was also tested for comparison. The tests were 
conducted on a three-electrode configuration cell, using a glassy carbon 
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Rotating Disk Electrode (RDE, Blue Rev. from BioLogic) coupled with a 
VMP3 potentiostat (BioLogic). A Pt wire was utilized as a counter 
electrode and a Hg/HgO (NaOH 1 M) reference electrode. For the ex
periments, an alkaline electrolyte (0.1 M KOH) was selected, aligning 
with previous studies in the literature. This choice allows for a standard 
benchmark to assess the performance of the materials under 
investigation. 

The working electrodes were manufactured by drop casting an ink 
based on either the graphene or HFMN dispersions. 40 μL of Nafion 117 
were added to 1 mL of 4 mg mL− 1 dispersions to fix a graphene (or 
hybrid)/Nafion weight ratio of 2:1. The mixture was stirred at a rate of 
60 rpm for 20 min. Subsequently, a 10 μL aliquot of the prepared ink was 
cast onto the glassy carbon tip to achieve a mass loading of 0.102 mg 
cm− 2. 

Linear sweep voltammetry (LSV) curves were registered using a 
rotation speed of 1600 rpm. For ORR, the potential was linearly scanned 
from 0.05 to - 0.65 V vs. reference electrode, with a scan rate of 10 mV 
s− 1 in the presence of continuous O2 flow over the solution; for OER, the 
potential was linearly scanned from 0.0 to +0.90 V vs. reference elec
trode, with a scan rate of 10 mV s− 1 in presence of continuous N2 flow 
over the solution. For ORR measurement, a background in the same 
conditions and an inert N2 atmosphere was collected and subtracted 
during data processing to correct capacitive effects. The potentials were 
converted to reversible hydrogen electrode (RHE) to take into consid
eration the effect of pH, and corrected for the Ohmic drop, between the 
reference and the working electrode, by applying the following 
equations: 

ERHE = Eexp + pH • 2.303 •
RT
F

+EHg/HgO (3)  

Ecorr = ERHE − i • Ru (4)  

where ERHE is the potential referred to the RHE, Eexp is the experimental 
potential recorded by the equipment, pH is that of the electrolyte solu
tion (0.1 M KOH, pH 13), R is the universal gas constant (8.314 J mol− 1 

K− 1), F is the Faraday constant (96,485C mol− 1), T is the temperature of 
the experiment (≈ 295.13 K), EHg/HgO is the reference potential vs. the 
standard hydrogen electrode (SHE) of the reference electrode (+ 143 mV 
vs. SHE), Ecorr is the final potential vs. RHE corrected for the Ohmic 
drop, i is the current measured by the potentiostat, and Ru is solution 
ohmic resistance (≈ 60 Ω) previously determined by electrochemical 
impedance spectroscopy (EIS). 

Regarding electrochemical performance, some activity descriptors 
are used in literature to benchmark the performance of a catalyst, 
notably the onset potential (Eonset) and Tafel slope. Eonset is the potential 
value at which the studied reaction occurs, and the target product is 
formed at a given electrode and defined conditions [78]. The difference 
between this potential value and thermodynamic potential (E0) is crucial 
for determining the efficiency of an electrochemical system and is 
known as overpotential. Thus, the larger the overpotential (i.e. addi
tional electromotive force required for the reaction to start) the less 
efficient the catalyst [79]. Eonset can be calculated in two different ways: 
(1) by taking the value at the intersection point between two tangents in 
the current density vs. potential plot [80]; or (2) by registering the 
voltage at a given current density in which the studied reaction has 
already started. Here, the second approach was used and the voltages at 
a current density of - 0.1 mA cm− 2 and + 0.5 mA cm− 2 for ORR and OER 
reactions were considered, respectively. On the other hand, the Tafel 
equation (Eq. (5)) is a mathematical expression in electrochemical ki
netics relating the rate, i.e. kinetic regime, of an electrochemical reac
tion to the overpotential [81–83]. From this equation, the so-called Tafel 
slope can be calculated, where a low value suggests a high catalytic 
activity and rapid reaction rate [84]. In this work the Tafel slope was 
calculated in the potential range of 0.76 and 0.81 V in ORR and 1.60 and 
1.72 V in OER: 

η = a+ b log(j) (5)  

where η is the overpotential, a is a constant, b is the Tafel slope and j is 
the current density (mAcm− 2). 

However, Eonset and the Tafel slope only provide an apparent eval
uation of the activity of electrocatalysts; they assume that the amount of 
charge passed in a circuit is directly proportional to the amount of 
formed product, but they do not consider phenomena such as series 
resistance, electrolyte or electrode decomposition, secondary reactions, 
or capacitance [85]. In this sense, turnover frequency (TOF) has been 
claimed as a more suitable descriptor of the electrocatalytic activity as it 
measures the amount of product formed per unit time and the exact 
amount of catalyst used [79]. The lack of accurate ways of determining 
the amount of catalyst/number of active sites is the major bottleneck to 
use TOF as an activity descriptor for non-metallic catalyst. For TOF 
calculations, the number of moles of FMN nucleotide adsorbed in the 
HFMN hybrid material and deposited on the glassy carbon (nFMN) was 
calculated from: 

nFMN =
mHFMN

Vink
• Vcast •

%FMNads

100
•

1
MmFMN

(6)  

were mHFMN is the mass of the hybrid, Vink is the volume of ink, Vcast is 
the volume of ink cast, %FMNads is the adsorbed percentage of FMN 
estimated in Table 2 and MmFMN is the molar mass of FMN. 

The theoretical value of TOF for either the bare graphene and the 
FMN deposited in HFMN hybrid was calculated using: 

TOF =
i

e− • F • nFMN
(7)  

where i is the measured current at E = 1.60 V, e− is the number of 
electrons involved in OER reaction (4 electrons), F is the Faraday con
stant (96,485C mol− 1) and nFMN is the number of moles calculated in Eq. 
(6). 

2.8. Computational models 

2.8.1. Prediction of the adsorption energies of the different nucleotides on 
graphene surface 

Density functional theory (DFT) calculations were performed using 
the periodic Vienna Ab initio Simulation Package (VASP) [86–89]. Ge
ometry optimizations were performed at the Γ-point with a 9 × 9 × 1 
supercell of the graphene unit-cell (space group P63/mmc [194]). The 
generalized gradient approximation (GGA) with the Perdew-Burke- 
Ernzerhof (PBE) functional was used [90] with the recommended 
pseudopotentials within the projector augmented wave formalism 
[91,92]. Energies and atomic forces were converged to within 10− 5 eV 
and 0.02 eV Å− 1, respectively using a Γ-centred 3 × 3 × 1 k-mesh. The 
cut-off energy for the plane-wave expansion was set to 520 eV and vdW 
interactions were accounted for using the DFT-D3 method with Becke- 
Jonson damping [93,94]. This gave an optimized lattice parameter of 
2.467 Å, in excellent agreement with the experimental value of graphite 
(2.464 Å) [95]. To ensure charge neutrality the energies of the nucleo
tides were determined with the negatively charged oxygen ions on the 
phosphate group (Fig. 2) protonated. 

Single-point solvation calculations were performed with VASPsol 
[96] and increasing the plane-wave expansion to 600 eV. As the 
contribution of the cavitation energy to the solvation energy has shown 
to be negligible, to avoid convergence issues the cavitation energy was 
neglected, and the surface tension parameter was set to 0 [96]. The size 
of the dielectric cavity is determined by a cut off electron density (nc) 
value, as well as the cavity width (σ) [97]. Here we fixed σ to the default 
value of 0.6 and reduced nc to 1 × 10− 5 Å− 3, ensuring the implicit sol
vent formed at least 3 Å from the surface [98]. To model the 35–65 v/v% 
IPA/H2O mixture used for the experimental work, the dielectric constant 
was set to 58 and the Debye length was set to 2.623 Å. 
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The adsorption energy (Ead) of each nucleotide was calculated from 

Ead = Etotal − Eclean − Esubstrate (8)  

where Etotal is the total energy of the adsorbed nucleotide, Eclean is the 
energy of the clean graphene surface, and Esubstrate is the energy of the 
isolated nucleotide. Each nucleotide was adsorbed onto the graphene 
surface in various configurations and the adsorption energies of the 
lowest energy configuration was taken. To obtain the density of states 
(DOS) single point calculations were performed on the optimized 
structures using a Γ-centered 12 × 12 × 1 grid of k-points. 

3. Results and discussion 

3.1. Physicochemical characterization of anodically exfoliated graphene 

The production of graphene nanosheets by anodic exfoliation of 
graphite was verified previous to the production of the nucleotide/ 
graphene hybrids. The structural order of the graphene aerogels pre
pared in Section 2.2 was studied by Raman spectroscopy and compared 
with the graphite foil precursor (Fig. 3a). Both materials displayed three 
bands; the G band at ~1585 cm− 1 (related to vibrations of C–C tensions 
in structures with sp2 hybridizations), the D band at ~1355 cm− 1 

associated with 6-membered ring breathing vibrations in aromatic 
structures (and active in Raman spectrum only when the ring is close to a 
structural defect) and 2D band at ~2721 cm− 1, which is the overtone of 
the D band. A higher peak for G band means a higher-ordered structure 
with almost no defects while larger intensity of D band means the 
presence of defects. On the other hand, the less intense and wide is the 
2D band, the lower is the number of defects. In addition, the symmetry 

of the 2D band depends on the stacking of the sheets, where an asym
metrical band indicates an ordered/periodical stacking [99]. The gra
phene prepared here by electrochemical exfoliation presented an intense 
D peak together with a wide/low intensity 2D band (Fig. 3a), confirming 
the delamination of the graphite into graphene nanosheets. 

The degree of oxidation of the obtained graphene nanosheets was 
evaluated by XPS (see the survey spectrum in Fig. 3b), which yielded an 
O/C atomic ratio of 0.12 [100]. From the high-resolution C 1 s core-level 
spectrum (see inset to Fig. 3b), it was concluded that epoxy/alcohol (C 
− O species) and carbonyl (C=O) moieties were formed during the 
anodic exfoliation process. The generation of graphene nanosheets was 
confirmed by AFM, where nanosheets with a lateral size of 0.2–1.2 μm 
and 2–3 nm in thickness (corresponding to few/several layer nano
sheets) were noticed (Fig. 3c and d). It can therefore be concluded that 
graphite was effectively delaminated into graphene nanosheets with a 
moderate degree of oxidation. These parameters are crucial in achieving 
a stable interaction between graphene and the nucleotides; high acces
sible surface area and large aromatic (non-oxidized) domains to conduct 
a π-π stacking [101]. Anchoring nucleotide-based electrocatalysts onto 
an electron-conductive material offers several advantages. Firstly, it 
enhances the kinetics of redox reactions, thereby facilitating efficient 
electron transfer. Secondly, it promotes the even dispersion of nucleo
tide catalysts, amplifying the active surface area available for catalytic 
reactions. 

3.2. Study of nucleotide solubility and graphene dispersibility in IPA/H2O 
media 

The accessible surface area and electronically conjugated (aromatic) 
nature in the prepared graphene could facilitate the liquid phase 

Fig. 3. a) Raman spectra of graphite foil and graphene after electrochemical exfoliation. b) XPS survey and high resolution C1s spectra (inset) for the obtained 
graphene. c) AFM images and d) AFM height profile of the anodically derived graphene nanosheets. 
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adsorption of the selected nucleotides on its surface. However, a suitable 
liquid media must be selected to ensure the colloidal stabilization of the 
graphene. Graphene nanosheets with moderate levels of oxidation, such 
as those investigated here, typically exhibit limited dispersibility in 
water alone. However, it is well-documented that alcohols can enhance 
the dispersion of graphene [102]. To assess the colloidal stability of 
graphene sheets, we conducted dispersion experiments in both IPA 
alcohol and H2O, generating two distinct dispersions in each solvent. 
The dispersions in H2O showed a severe aggregation of the graphene 
particles while those in IPA had negligible aggregation or sedimenta
tion, even after storing for 24 h (Fig. S4a and S4b). It can be therefore 
concluded that IPA is a much better dispersant than H2O for the pre
pared graphene sheets. However, polar nucleotide salts are expected to 
be soluble in water, where a complete solubilization of the adsorbate is 
also necessary for efficient liquid adsorption. To find a compromise, a 
mixture of 35% IPA and 65% H2O (v/v %) was used based in previous 
studies on graphene dispersibility [66,103]. In fact, the anodically 
exfoliated graphene presented reasonable dispersibility in such IPA/H2O 
mixture, as shown in Fig. S4a and S4b. On the other hand, the solubility 
of the nucleotide salts was studied as described in Section 2.5. The IPA/ 
H2O solution was supersaturated in each nucleotide salt, the concen
tration of the salt in the supernatant was measured by UV–vis absorption 
spectroscopy and the results are presented in Table 1. Unexpectedly, the 
supersaturation of the solvent with XMP, TMP, and CMP nucleotide salts 
caused a phase separation (Fig. S4c). 

This phenomenon has been widely observed for biomolecules in 
response to changes in pH, temperature or ionic strength, and it is 
necessary for the completion of several biochemical processes 
[104,105]. To estimate the solubility of these nucleotides, their con
centration in both phases, after separation, was measured and presented 
in Table 1. The predominant phase was based on H2O and contained a 
larger concentration of nucleotide (161–381 mg mL− 1, as a function of 
the nucleotide XMP, TMP or CMP) compared with the second phase, 
which was enriched in IPA alcohol. Overall, the sum of the amount of 
salt present in both IPA and H2O phases was above 130 mg mL− 1 

revealing a high solubility in the solvent media. 
In contrast, GMP, IMP, and FMN did not present any phase separa

tion upon supersaturation. These salts yielded much moderate solubility 
from 19 to 10 mg mL− 1 (0.05–0.02 mol L− 1), where FMN was the least 
soluble nucleotide in the IPA/H2O mixture. Solubility is directly related 
to the ability of the nucleotides (solute) to interact with the solvent. In 
polar aqueous media, the solubility of the solute increases with the 
polarity of the molecular structure. As noticed in Fig. 2, the main dif
ference in the molecular structure of the nucleotides lies in the nucleo
base moiety. Nucleobases with just one aromatic ring (TMP and CMP) 
are those presenting higher solubility. This is reasonable, because 
additional 5-member (purines; e.g., IMP, GMP) or 6-membered (FMN) 
aromatic rings, which do not possess significant charge separation, tend 
to reduce the polarity of the molecule and therefore their solubility. In 
the case of XMP, the polarity of the nucleobase will be increased 

significantly by the net negative charge present in the xanthine nucle
obase due to deprotonation at the working pH. 

This means that, for the mixed IPA/H2O solvent, the studied nucle
otide salts can be divided into highly soluble (XMP, TMP and CMP) and 
poorly soluble (GMP, IMP and FMN). This is likely to govern their 
adsorption onto the graphene surface and potentially influence their 
loading, to form the final nucleotide/graphene hybrids. Considering the 
solubility values in Table 1, a nucleotide salt concentration of 5 mg mL− 1 

(~ 0.01 mol L− 1) was chosen for conducting the liquid-phase adsorption 
experiments. This concentration ensured the complete dissolution of 
low-solubility nucleotides while avoiding phase separation for those 
presenting higher solubilities. 

3.3. Experimental quantification of nucleotide loading and validation 
through DFT simulations 

The amount of nucleotide adsorbed/loaded onto the graphene 
nanosheets was calculated indirectly by UV–vis absorption spectroscopy 
from Eq. (1). Specifically, the IPA/H2O dispersion containing the gra
phene sheets and the adsorbed nucleotide was centrifugated after 24 h. 
The sediment comprising the nucleotide/graphene hybrid material was 
separated from the solution containing the non-adsorbed nucleotide salt 
(SP1), which was then analyzed. Additionally, after redispersing the first 
hybrid sediment in fresh IPA/H2O and re-centrifuging (SP2) the solution 
was also analyzed to consider whether nucleotide molecules could 
detach from the hybrid after the washing step (Fig. S2). 

The quantification of nucleotide loading was somewhat challenging, 
as the nucleotides are amphiphilic and therefore tend to stabilize the 
graphene nanosheets in aqueous media when adsorbed on their surface 
(i.e. the graphene sheets in the hybrid material are colloidally more 
stable than bare graphene). Specifically, the essentially hydrophobic, 
aromatic moiety in the nucleobase is expected to adsorb onto the basal 
plane of graphene through π-π stacking interactions, while the hydro
philic, negatively charged phosphate as well as the pentose sugar 
interact with water molecules. In this regard, attaining clear transparent 
SP1 supernatant solutions by simple centrifugation was challenging 
because the improved colloidal stability of the graphene nanosheets 
prevented their complete sedimentation (see Fig. S5a). This led to 
inaccuracies in the UV–vis absorption spectroscopy measurements, as 
the nucleotides strongly absorb in a wavelength similar to that corre
sponding to the absorption peak for the anodic graphene (250–278 nm, 
Fig. S1). Therefore, any graphene nanosheets remaining in the super
natant solution will contribute to absorbance in the wavelength range 
used for nucleotide quantification, leading to an underestimation of the 
nucleotide concentration. Sedimentation of the dispersions was even 
more challenging after the washing step, where SP2 supernatants were 
clear and homogeneous but with an intense black color (Fig. S5a). This 
was ascribed to a lower ionic strength in the washed dispersion, where 
the concentration of the nucleotide salt in SP2 is reduced by replacing 
the solution with fresh solvent. This phenomenon was confirmed by 
adsorbing different concentrations of GMP salt (0.5 to 5 mg mL− 1) on a 
2 mg mL− 1 graphene dispersion for 24 h. After centrifugation, the black 
color in the supernatants increased as the initial concentration of the 
nucleotide salt decreased (Fig. S5b). It is hypothesized that Na+ cations 
present in concentrated solutions of the nucleotide salt (which is the case 
in SP1, Fig. S5a) have an “ion-shielding” effect by neutralizing the 
negative charge on the nucleotide/graphene hybrids [106,107]. Thus, 
Na+ cations accumulate around the phosphate groups and screen their 
negative charge. As a result, electrostatic repulsions between the nu
cleotides adsorbed on the graphene nanosheets, which are the main 
driver of their colloidal stability in aqueous medium, are significantly 
reduced. When washing the sample, the amount of Na+ in the super
natant is significantly decreased, so charge screening of the phosphate 
groups is reduced, and the colloidal stability of the nucleotide/graphene 
hybrids increases. Bearing this in mind, an optically transparent salt was 
added to the dispersion in order to increase the ionic strength and 

Table 1 
Solubility of nucleotide salts in IPA/H2O solvent measured by UV–vis absorption 
spectroscopy.   

Concentration (mg mL− 1)  

No phase 
separation 

Phase separation 

Nucleotide IPA/H2O Fraction in H2O 
phase 

Fraction in IPA 
phase 

XMP – 381 73 
IMP 14 – – 
GMP 19 – – 
TMP – 275 139 
CMP – 161 87 
FMN 10 – –  
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promote the sedimentation of the hybrid material. The addition of 30 
mg mL− 1 or 20 mg mL− 1 of NaCl to SP1 and SP2, respectively, enabled 
the correct quantification of free nucleotide by triggering the sedimen
tation of the small fraction of graphene nanosheets remaining in the 
supernatants (Fig. S5c). However, an increase in the ionic strength by 
the addition of NaCl caused a partial precipitation of low-soluble 
nucleotide salts; FMN, GMP and IMP as reported in Table 1. Hence, 
the addition of NaCl could decrease their saturation point which was 
already much lower than the other nucleotides. To estimate their pre
cipitation threshold, NaCl salt concentrations ranging from 5 to 30 mg 
mL− 1 were added to IPA/H2O solutions containing only the nucleotide 
salts. XMP, TMP and CMP did not show any precipitation regardless of 
the amount of NaCl added. In contrast, the addition of concentrations of 
NaCl above 25 mg mL− 1 caused the sedimentation of IMP, GMP and 
FMN salts, particularly for the latter (Fig. S4d). Bearing this in mind, for 
low-soluble nucleotide salts, 20 and 10 mg mL− 1 of NaCl were added to 
SP1 and SP2 to get clean and transparent supernatants. The quantifi
cation of the nucleotide loading in the different hybrid materials ob
tained by UV–vis absorption spectroscopy is presented in Table 2. 

The TGA profiles of the nucleotide/graphene hybrids, the stand- 
alone anodic graphene and pure nucleotide salts, recorded in an argon 
atmosphere up to 1000 ◦C, are shown in Fig. 4. The graphene material 
displayed a relatively minor mass loss below 200 ◦C due to the 
desorption of strongly adsorbed water molecules. Subsequently, a 
continuous weight loss was observed up to 1000 ◦C, vary likely arising 
from the decomposition of oxygen-containing functionalities into CO 
and CO2 [100]. Such functional groups were indeed present in the 
graphene nanosheets, as demonstrated by XPS (Fig. 3b). At 1000 ◦C, the 
anodic graphene yielded a considerable residue (82 wt%), which was 
much larger than the residue typically left behind by standard graphene 
oxides [108]. This corroborated the idea that the present anodic gra
phene must possess a high fraction of electronically conjugated domains 
where aromatic molecules can readily adsorb. Regarding the nucleo
tides, a noticeable mass loss was observed between 200 and 400 ◦C for 
all the studied compounds. This reduction in weight can be attributed to 
the breakdown of the sugar-based component within the nucleotide, 
resulting in the formation of alcohol, ethylene, and acetaldehyde com
pounds [38,109,110]. The decomposition of pure nucleotide salts 
became more gradual above 400 ◦C. At this temperature, the nucleobase 
is likely decomposed into nitrogen compounds such as NH3 or HCNO 
[38,74–77], while water is released due to phosphate condensation. At 
1000 ◦C, a residue composed of a char, formed from the nucleobase and 
inorganic phosphate oxides, remained in the material [38,74]. The 
quantity of this residual material was consistent across all examined 
nucleotides, ranging from approximately 37% to 46% by weight. 
However, CMP exhibited the highest content among them. Similar to the 
behavior of the graphene support, the hybrid materials exhibited the 
release of water molecules trapped in the graphene structure at tem
peratures ranging from 150 to 200 ◦C. The decomposition curves of 

HXMP (Fig. 4a), HIMP (Fig. 4b) and HCMP (Fig. 4e) closely resembled 
that of the anodic graphene alone, indicating minimal variations and 
implying low nucleotide loadings. In contrast, HGMP (Fig. 4c), HTMP 
(Fig. 4d) and HFMN (Fig. 4f) exhibited more distinct decomposition 
profiles associated to larger mass losses from 250 to 1000 ◦C, compared 
to graphene alone. Such a noticeable mass loss, starting at the decom
position temperature of the respective pure nucleotide, pointed to 
higher nucleotide loadings in the corresponding hybrids. The nucleotide 
loading was estimated from the TGA of hybrid materials. It was 
considered that the high-temperature treatment of the hybrid, under an 
inert atmosphere, will cause the decomposition of the organic nucleo
tide molecule but not the graphene. The registered mass loss will be 
therefore proportional to the amount of nucleotide loaded on the gra
phene support. However, as observed from the analysis of the TGA 
profiles for the stand-alone graphene and nucleotide salts, it must be 
considered that (1) the nucleotide left significant residue from phos
phate/char formation and (2) graphene released some gases from oxy
gen functionalities. In this context, some assumptions described in 
Section 2.4 and Supporting Information were considered to formulate 
Eq. (2) and calculate the nucleotide loading values listed in Table 2. 

We also successfully determined the nucleotide loading through XPS 
data analysis, utilizing the measurement of P and N elements as char
acteristic indicators of nucleotide presence. These corresponding values 
are presented in Table 2. 

It is worth noting that the values of nucleotide loading obtained 
through TGA and XPS analyses exhibited greater overall consistency 
when compared to those acquired through UV–vis absorption spectros
copy. Nonetheless, a reliable estimation of nucleotide loading was ob
tained by calculating the average and standard deviation of the values 
obtained from the three techniques. 

From this analysis, we conclude that GMP and FMN exhibit the most 
favorable adsorption on the graphene surface, as their corresponding 
hybrids exhibited the highest loadings (~25–26 wt%). In contrast, the 
HCMP hybrid showed the lowest nucleotide loading (9 wt%). HIMP, 
HTMP and HXMP yielded intermediate loadings (~15–19 wt%). Non- 
covalent π-π stacking interactions are considered the main driver of 
nucleotide adsorption on the graphene surface. The π molecular orbitals 
of the aromatic nucleobase (Fig. 2) overlap with those of the electroni
cally conjugated structure of graphene, determining their adsorption 
strength. Here, nucleotides having heterocycles with a larger number of 
aromatic rings (flavine > purine > pyrimidine) can be expected to 
exhibit higher adsorption strengths and thus higher loadings on gra
phene. Consistently, FMN and GMP demonstrated the largest loadings, 
whereas CMP showed the lowest. However, some inconsistencies in this 
trend were identified from the experimental data (Table 2): (1) IMP, 
XMP and GMP are composed of a two-ring purine, but the latter pre
sented a higher loading than the other two nucleotides, and (2) TMP led 
to a higher loading than CMP, despite both having a one-ring pyrimidine 
motif in their structures. Therefore, the number of aromatic rings in the 
nucleobase cannot be the sole factor dictating the adsorption of the 
nucleotide on the graphene substrate. It has been reported that the 
substitution of carbon atoms in the aromatic ring by heteroatoms (endo- 
substitution) or the presence of functional groups attached to the ring 
(exo-substitution) can significantly modify the π-electron delocalization 
of the molecule [111]. All the nucleotides investigated here (Fig. 2) 
incorporate a highly polarizable endocyclic carbonyl (C=O) group in 
their nucleobases. This oxygen atom withdraws electronic density and 
prevents electron delocalization in the conjugated system by inducing a 
positive charge in the adjacent carbon atom. This phenomenon will 
decrease the aromaticity of the nucleobase and, consequently, the 
adsorption rate of the nucleotide. However, it has been reported that 
imide functionality in XMP, TMP and FMN nucleotides can delocalize 
electrons by external cross conjugation of the π orbitals in the aromatic 
ring with those from the C––O and N–H groups (Fig. S6a) [111,112]. 
Thus, π-electrons will be strongly delocalized in the ring and throughout 
the tautomeric system, including the exo-groups (i.e. the aromaticity of 

Table 2 
Experimental quantification of nucleotide loading for the different nucleotide/ 
graphene hybrids and the corresponding theoretical adsorption energies of each 
nucleotide on a graphene layer.  

Hybrid 
material 

Experimental 
quantification (wt%) 

Estimation for the 
experimental 
quantification (wt%) 

DFT 
calculations 

UV–vis TGA XPS X ± σ (UV–vis, TGA, XPS) Adsorption 
energy (kcal 
mol− 1) 

HXMP 27 18 12 19 ± 6 − 15 
HIMP 24 15 8 16 ± 6 − 30 
HGMP 32 23 20 25 ± 5 − 25 
HTMP 12 20 12 15 ± 4 − 16 
HCMP 6 11 9 9 ± 2 − 9 
HFMN 26 22 31 26 ± 4 − 48  
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the nucleobase increases). This effect will favor the adsorption of the 
nucleotides containing imide functionality onto the graphene surface, 
which would explain the higher adsorption of TMP and XMP compared 
with CMP and IMP, respectively. However, it does not explain the high 
loading observed for GMP, which does not have an imide group in its 
nucleobase (Fig. 2). The unexpectedly high adsorption rate of GMP 
compared with the other nucleotides could be ascribed to strong inter
molecular bonding. The formation of intermolecular triple hydrogen 
bonding via the adjacent amine/carbonyl groups in the guanine nucle
obase could change the aromatic character of the nucleotides. Strong 
intermolecular interactions can create dipoles by stabilization of 
tautomeric forms with charge separation in a nucleobase (Fig. S6b) 
[111]. In turn, the approximation of dipoles to the graphene surface can 
induce lattice distortion and electric dipole moment on the π-electron 
cloud, thus enabling a van der Waals interaction between polarized 
nucleobase ring in GMP and localized electrons in graphene. Such an 
intermolecular interaction could also be present in CMP, as it presents a 
similar structure to that of GMP in the 6-membered ring of the nucleo
base. However, the nitrogen atom belonging to the pyrimidine ring in 
CMP is not protonated and, therefore, it cannot form a third hydrogen 
atom, which significantly reduces the charge polarization. This hy
pothesis is consistent with the results shown in Table 2, where the HCMP 
hybrid yielded the lowest loading. Also, pairing nucleotides with their 
complementary nucleobase provides stable hydrogen-bonded supra
molecular entities that adsorb more strongly on the graphene surface 
than their individual components [65]. In this study, it is possible that 
the higher loading of GMP molecules is attributed to the stable associ
ation of identical nucleobases within the adsorbed GMP molecules. 
Thus, it can be inferred that the number of rings in the nucleobase 
governs nucleotide adsorption onto graphene, but electron delocaliza
tion via cross-conjugation in the imide functionality (as seen in XMP, 
TMP, and FMN) and the formation of intermolecular hydrogen bonds (in 
the case of GMP) also contribute to the determination of adsorption 
strength. 

To complement the experimental work, the adsorption energies (Ead)

of the different nucleotides on the graphene surface were determined 

from DFT calculations following Eq. (8). The results are compared with 
nucleotide loading data obtained from the experimental quantification 
(Table 2), where a lower Ead indicates a more favorable adsorption 
(exothermic process) [113,114]. We found that in the case of FMN, the 
lowest energy configuration was attained when the nucleotide adsorbed 
parallel to the graphene surface. Such a result can be explained by the 
establishment of strong π-π stacking interactions in the parallel config
uration. This is shown in Fig. S7, where Ead values for two adsorption 
configurations of riboflavin (the nucleobase of FMN) are displayed. The 
geometry-optimized structures for each nucleotide system investigated 
here are shown in Fig. S8. From our DFT calculations, we find that in 
addition to the nucleobase adsorbing parallel to the graphene surface, 
the nucleotide side-chain (i.e., the phosphorylated sugar moiety) also 
tends to adsorb in alignment with the surface. Additionally, we found a 
slight tilt of the riboflavin heterocycle along the graphene sheet (also 
reported by Zdaniauskienė [115]), indicating steric hinderance and 
preventing a perfect parallel arrangement of the molecule. The energy 
difference between these configurations is ~6 kcal mol− 1 and in the 
presence of the phosphate group (FMN) the difference increased to ~12 
kcal mol− 1. This led to FMN exhibiting the largest adsorption energy 
(− 48 kcal mol− 1) compared to the other purine-like nucleotides, which 
exhibit adsorption energies from − 15 to − 30 kcal mol− 1. It seems that 
for the larger nucleotides there is more flexibility of the phosphorylated 
sugar sidechain with the DFT simulations showing a preference for the 
sidechain to adsorb parallel to the graphene surface, slightly increasing 
the overall strength of adsorption (Fig. S7). This is not found for the 
smaller pyrimidine nucleotides (TMP and CMP) and XMP which were 
seen to adsorb with their phosphorylated sugar side-chain non-aligned 
to the surface, as shown in Fig. S8. However, there may be somewhat of 
a trade-off as a larger molecule would lead to a lower total number of 
molecules being able to adsorb to the graphene surface. Excluding IMP, 
our simulations predict the experimentally observed order of nucleotide 
loading based adsorption strength. With respect to FMN and IMP, their 
large Ead suggests that the amount of nucleotide adsorbed on graphene 
should be significantly higher. We attribute this difference to the 
configurational arrangement of the nucleotide on the graphene surface. 

Fig. 4. TGA curves for the different nucleotide/graphene hybrids: a) HXMP, b) HIMP, c) HGMP, d) HTMP, e) HCMP, and f) HFMN. The TGA curves for anodic 
graphene alone (blue solid lines) and the corresponding pure nucleotides (black dashed lines) are shown for comparison. 
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For FMN we found a difference between the two configurations of 12 
kcal mol− 1, but for IMP the difference was found to be about 19 kcal 
mol− 1. These differences are relatively small, only slightly larger than 
the thermal energy at room temperature (~6 kcal mol− 1). Therefore, we 
suggest that for FMN and IMP the molecules can readily switch between 
different configurations in vitro. In the case of XMP, our DFT results 
found the optimum geometry to be with the side-chain non-aligned to 
the surface, thus yielding a slightly lower Ead of − 15 kcal mol− 1. Finally, 
the one-ring pyrimidines were found to have the lowest adsorption en
ergies. TMP yielded a similar value (− 16 kcal mol− 1) to that of XMP, and 
CMP exhibited the lowest energy from the whole series (− 9 kcal mol− 1). 
However, the variation in Ead was more subtle between molecules with 
the same number of rings. 

It should be noted that the conditions under which the computa
tional calculations were performed and the conditions in the laboratory 
were not identical. However, a reasonable coincidence in the adsorption 
trend between experimental results and computational calculations was 
observed, which lay the foundations for the theoretical screening of a 
huge number of synthetic derivatives of biologically inspired molecules. 

3.4. Study of the nucleotide dispersion in the hybrid 

As previously commented, the dispersion of a given electrocatalyst is 

also a very important parameter in heterogeneous catalysis. Hence, 
exposure of the catalytic sites increases while the molecules are not 
agglomerated but arranged to form a monolayer, leading to a larger 
electrochemically active area. The nucleotide/graphene hybrids pre
pared in this work are envisaged as heterogeneous catalysts. Therefore, 
the dispersion of nucleotides (catalytically active component) on the 
graphene support was studied by SEM-EDX imaging of nitrogen and 
phosphorus (Fig. 5 and S9). The detection sensitivity of light elements by 
this technique is quite low. Consequently, the mapping of phosphorous 
atoms resulted in better images to estimate the dispersion of adsorbed 
nucleotides in contrast to nitrogen atoms (compare Fig. 5 and S9). The 
phosphorus signal (pink dots in Fig. 5) was homogeneously distributed 
throughout the surface of all the hybrid materials. 

3.5. Study of the electrocatalytic activity of HFMN by RDE and validation 
through DFT simulations 

The potential vs current density LSV curves for ORR and OER re
actions of a selected hybrid material (HFMN) and bare graphene were 
displayed in Fig. 6a. The curves were acquired in separate experiments 
using different samples as working electrodes. The reduction of oxygen 
was studied in an aqueous alkaline electrolyte saturated in O2 while the 
oxidation was conducted under N2 atmosphere. The stability of the 

Fig. 5. SEM imaging and EDX mapping for phosphorous atoms (pink dots) in nucleotide/graphene hybrids.  
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materials studied in this work was verified by cyclovoltammetry (CV) 
and chronoamperometry (CA) measurements (see conditions and 
Figs. S10 and S11 in Supporting Information). No differences were 
observed in the CVs performed before and after the LSV measurements 
(Fig. S10), indicating that the materials studied were stable. Regarding 
CAs (Fig. S11), for ORR, the retention rates for graphene and HFMN 
were 26% and 22%. However, for OER, both materials exhibited low 
retention rates, 3% for graphene and 6% for HFMN, respectively. 
Therefore, it can be concluded that both materials demonstrated 
increased stability towards ORR. In general, these materials might 
exhibit less stability due to the harsh conditions in this work, i.e., the 
alkaline medium (pH = 13). However, it is expected that a neutral 
medium would promote the stability of these materials which will be the 
subject of study in future work. In relation to the LSV curve for ORR 
reaction (left gray part in Fig. 6a), HFMN hybrid material curve is almost 
identical to that in the graphene support. The anodic potential sweep led 
to a significant decrease in the current response at ~0.7 V (onset po
tential, Eonset), signaling a reduction occurring at the cathode interface. 
The Eonset was ~0.73 V for both graphene and HFMN materials 
(measured at − 0.1 mA cm− 2, Table 3), indicating similar catalytic effi
ciency for both materials. Furthermore, the Tafel slope, calculated for 
both materials (depicted in the left gray section of Fig. 6b) at the turning 
point where the current initiates a decline (indicating the kinetic- 
controlled region), showed striking similarity (Table 3). A Tafel slope 
close to 60 mV dec− 1 for ORR corresponds to a pseudo two-electron 
reaction as the rate-determining step [18,116–118]. This statement 
was demonstrated through Koutecky-Levich plots (Fig. S12) from which 
the number of electrons transferred was calculated (see measurement 
conditions in Supporting Information and the number of electrons 
transferred in Table S1). The parameter values obtained for both HFMN 
and graphene in the ORR were compared with graphene synthesized by 

cathodic electrochemical exfoliation (Table S1), prepared by a similar 
method to that carried out in this work.[119] The results for Eonset, j, n 
and E1/2 were comparable except for the Tafel slope, where the gra
phene obtained by Jaimes-Paez et al. had a higher slope, 109 mV dec− 1, 
respectively. Therefore, the graphene synthesized in this work catalyzed 
the ORR better. However, the number of electrons transferred was 2.5, 
indicating that, being at values of 2–2.5, all the materials compared 
follow the mechanism leading to H2O2 formation [120]. For potentials 
below 0.4 V, the profile reaches a steady-state where the current density 
was not affected by the rate of mass transfer of O2 from the electrolyte 
bulk to the electrode surface. The limiting current registered at this point 
serves as an indicator of the activity of the catalyst, with a higher value 
indicating a more rapid reaction rate. As observed from Fig. 6a, the 
HFMN hybrid did not show any increase in the limiting current density 
compared with bare graphene. In contrast, HFMN hybrid showed an 
improved activity towards OER reaction when compared with graphene 
support (right green part in Fig. 6a). The closer the Eonset to the standard 
oxidation/reduction potential of oxygen (1.23 V vs. RHE), the higher is 
the efficiency of the catalyst [121,122]. In this regard, the Eonset 
measured at +0.5 mA cm− 2 is slightly reduced from 1.630 V to 1.627 V 
by adsorption of FMN nucleotide on the graphene surface (Table 3). 
Although the Eonset value is similar for graphene and hybrid material, the 
Tafel slope for the latter is lower (151 mV dec− 1 vs. 295 mV dec− 1, 
Table 3 and right green section of Fig. 6b). This indicates a faster 
electron-transfer kinetics [123–125] for the hybrid, where a higher 
current density (2.68 vs. 1.11 mA cm− 2 at 1.75 V in Fig. 6a) is achieved 
for the same overpotential. The turnover frequency (TOF) for OER was 
calculated from the LSV curves at 1.60 V using Eq. (7) and displayed in 
Table 3. The calculation of the active sites was possible from the thor
ough quantification of the adsorbed FMN nucleotide conducted in 
Table 2. A higher TOF value in HFMN corroborates an improved effi
ciency for the hybrid material compared with graphene [126–128]. 

In summary, the adsorption of the FMN nucleotide onto the 
conductive graphene surface did not alter the electrocatalytic activity 
for ORR. Nevertheless, the improved performance observed for OER in 
the hybrid material is very promising, as this reaction represents a sig
nificant hurdle in the development of energy generation and storage 
technologies. 

The results obtained in this work related to ORR and OER have been 
compared with conventional doping/functionalization based graphenes 
from literature (Table S1 and S2). In this work no thermal treatments 
were applied to the materials which were obtained by straightforward, 
sustainable and scalable processing (anodic exfoliation) of graphite to 
provide graphene and then simple adsorption of nucleotides on it. 

Fig. 6. a) LSV curves in 0.1 M KOH electrolyte at 10 mV s− 1 and 1600 rpm for ORR (saturated in O2) and OER (saturated in N2) and b) Tafel plots for ORR and 
OER reactions. 

Table 3 
Different parameter values obtained in ORR and OER measurements for gra
phene and HFMN.   

ORR OER  

Eonset (V) Tafel 
slope 

Eonset (V) Tafel 
slope 

TOF 

Sample (@- 0.1 mA 
cm− 2) 

(mV 
dec− 1) 

(@ + 0.5 mA 
cm− 2) 

(mV 
dec− 1) 

(s− 1) 

Graphene 0.739 60 1.630 295 
1.81 ×
10− 4 

HFMN 0.730 65 1.627 151 
1.5 ×
10− 2  
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However, most of the studies in which graphene is doped with hetero
atoms do not comply with these features (see the samples preparation in 
Table S1 and S2). Graphene oxide is generally used, which is obtained by 
Hummers method or its derivatives, which have drawbacks such as the 
production of toxic gases and the use of strong oxidizing agents 
[129–133]. In addition, heat treatments are used to functionalize the 
heteroatoms. Consequently, in terms of simplicity and environmental 
friendliness during their preparation (no need to use harsh reagents, no 
need to apply any heat treatment for reduction), the materials used in 
this work have a clear advantage compared with conventional doping/ 
functionalization based graphenes. 

DFT calculations were carried out to evaluate the experimental ob
servations. The total DOS for HFMN is presented in Fig. 7, where we 
have also separated the total DOS into its individual contributions of the 
FMN nucleotide and the graphene surface. The Fermi level (EF) is set to 
zero. From our calculated DOS, we find the addition of FMN generates 
empty states in the conduction band just above the Fermi level. This may 
be beneficial for OER activity compared to just standalone graphene 
since these empty states may facilitate electron transfer. Thus, acceptor 
states could benefit the OER rather than the ORR, as the OER generates 4 
e− that would need to be accepted in the electron transfer reaction. For 
the ORR there may be a lack of donor states for the reaction to proceed. 
Of course, this is not a simple process and would also depend on the 
adsorption of molecular oxygen, which certainly warrants further 
investigation in future studies. 

4. Conclusions 

Nucleotide/graphene hybrid materials have been prepared using 
electrochemical exfoliated graphene by simple liquid adsorption. The 
amount of nucleotide adsorbed on the graphene surface from the liquid 
phase (i.e., the nucleotide loading) has been quantified by different 
techniques, where thermogravimetric analysis seems to be the best op
tion when considering its simplicity and accuracy. We hypothesized that 
the adsorption of the nucleotide is favored by the aromatic character of 
the nucleobase, where three parameters dictate adsorption strength; 1) 
the number of rings on the nucleobase (e.g. FMN presents larger 
adsorption than CMP), 2) the presence of functional groups delocalizing 
the π-electrons outside the aromatic rings in the nucleobase (e.g. TMP 
and CMP yield one aromatic ring but imide group in the former lead to 
larger adsorption rate), and 3) the formation of nucleotide dimers 
through strong intermolecular hydrogen bonding (e.g. GMP exhibits a 

larger adsorption yield than any other of the two-ringed nucleotides). 
Such strong intermolecular interactions could create dipoles in the 
nucleobase ring, enabling van der Waals interaction with instantaneous 
polarizations in the electron cloud of graphene. Also, the desorption of 
nucleotide dimers/clusters could be less favorable than for the single- 
ring nucleotides. Computational studies on the adsorption energy of 
the nucleotides on single layer graphene were consistent with the 
adsorption yields obtained by experimental quantification. In addition 
to loading, dispersion plays a crucial role in determining the (electro) 
catalyst's performance. SEM-EDX imaging confirmed that the nucleo
tides were homogeneously distributed/dispersed across the graphene 
surface. The quantification of different nucleotides loaded onto gra
phene nanosheets conducted in this work is expected to provide a 
starting point for the determination of the active sites in non-metallic 
electrocatalysts, enabling a suitable determination of their intrinsic 
catalytic activity. Overall, the methodology here presented paves the 
way for the development of metal-free electrocatalysts using natural and 
environmentally friendly chemistries while contributing to their reliable 
quantitative evaluation as potential electrocatalysts for new energy 
storage technologies. 

Flavin monophosphate/graphene nucleotide was selected as the 
proof-of-concept material for studying the electrocatalytic activity of the 
prepared hybrid materials towards oxygen reduction and evolution re
actions. The biomimetic material exhibited improved activity towards 
the evolution of oxygen, highlighting its considerable potential. This is 
particularly noteworthy as the oxygen evolution reaction is a major 
bottleneck in gas conversion technologies. Moreover, the computed 
density of states for the flavin monophosphate/graphene hybrid un
veiled the presence of additional nucleotide-related empty states just 
above the Fermi level when compared with bare graphene, suggesting 
heightened electrocatalytic activity of this material towards the OER. 
The good alignment between experimental and computational studies 
paves the way for the discovery of innovative, sustainable, and efficient 
electrocatalyst inspired by natural molecules and processes. 
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González, C. Fernández-Sánchez, A. Martínez-Alonso, J.M.D. Tascón, Achieving 
extremely concentrated aqueous dispersions of graphene flakes and catalytically 
efficient graphene-metal nanoparticle hybrids with flavin mononucleotide as a 
high-performance stabilizer, ACS Appl. Mater. Interfaces 7 (2015) 10293–10307, 
https://doi.org/10.1021/ACSAMI.5B00910. 

[68] W.L.F. Armarego, C.L.L. Chai, Purification of Laboratory Chemicals, 2003, p. 609. 
[69] K.N. Rogstad, Y.H. Jang, L.C. Sowers, W.A. Goddard, First principles calculations 

of the pKa values and Tautomers of Isoguanine and xanthine, Chem. Res. Toxicol. 
16 (2003) 1455–1462, https://doi.org/10.1021/TX034068E. 

[70] M. Alves Fortunato, D. Aubert, C. Capdeillayre, C. Daniel, A. Hadjar, 
A. Princivalle, C. Guizard, P. Vernoux, Dispersion measurement of platinum 
supported on Yttria-stabilised zirconia by pulse H2 chemisorption, Appl. Catal. A 
Gen. 403 (2011) 18–24, https://doi.org/10.1016/j.apcata.2011.06.005. 

[71] L.I. Van Der Wal, J. Oenema, L.C.J. Smulders, N.J. Samplonius, K.R. Nandpersad, 
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[112] F. Glöcklhofer, T.L.R. Bennett, A.V. Marsh, J.M. Turner, F. Plasser, M. Heeney, 
Functionalisation of conjugated macrocycles with type I and II concealed 
antiaromaticity via cross-coupling reactions functionalisation of conjugated 
macrocycles with type I and II concealed antiaromaticity via cross-coupling 
reactions, Mol. Syst. Des. Eng. 8 (2023) 713, https://doi.org/10.1039/ 
d3me00045a. 

[113] D. Bahamon, M. Khalil, A. Belabbes, Y. Alwahedi, L.F. Vega, 
K. Polychronopoulou, A DFT study of the adsorption energy and electronic 
interactions of the SO2 molecule on a CoP hydrotreating catalyst, RSC Adv. 11 
(2021) 2947–2957, https://doi.org/10.1039/c9ra10634k. 

[114] D. Farmanzadeh, S. Ghazanfary, The effect of electric field on the interaction of 
glycine with (6,0) single-walled boron nitride nanotubes, J. Serb. Chem. Soc. 78 
(2013) 75–83, https://doi.org/10.2298/JSC120419046F. 
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