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CATALYTIC CARBON NANODOTS FOR OXYGEN REDUCTION REACTION
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ABSTRACT. This report provides a new perspective for practical application of the electronics properties of carbon nanodots as an electrocatalytic layer on the
graphite working electrode. For that purpose, ultra-small nitrogen doped carbon nanodots (C-dots) with average diameter between 1.5-2 nm were synthesized by
microwave assisted pyrolysis and after that were immobilized chemically onto the graphite surface of the electrode. As environmentally friendly electrocatalyst for
oxygen reduction reaction (ORR) our data show that the bare C-dots alone are not able to form stable electro-catalytic film for ORR because of their high water
solubility. However, the chemically conjugated nanoparticles exhibit ORR electrocatalytic activity in acid or basic media. These properties open a new range for
practical application in the field of ecotechnology and environmental protection.
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PE3IOME. Tasu ctatws npefocTaBs HOBa MepCMeKTMBA 3a MPaKTUYECKo MPWUIOKEHWE Ha €eneKTPUYHWUTE CBOWCTBA HA BBINIEPOAHM HAHOTOYKM, KaTo
eneKTpoKaTanuTUYeH Cnoi BbpXy rpaduteH paboTeH enekTpod. 3a Tasw Len ynTpa Mankv asoT-CbhAbpXalyn BbrmepogHuTe HaHoToukn (C-dots) cbe cpepeH
AvameTbp Mexay 1.5-2 nm 65xa CMHTe3MpaHy, Ype3 MUKPOBBIIHOBA acuCTUpaHa MMponusa 1 cref ToBa bsxa XuMuyeckn UMoBUNM3MpaH BbPXY rpadmTeHata
MOBLPXHOCT Ha enekTpoaa. Kato ekonorocbBMECTUMM KaTanu3aTopu 3a peaykuns Ha kucnopod (ORR) nonyueHuTe aaHHu nokassar, ye C-dots He ca B CbCTOsHME
camn no cebe cu fa obpasysat crabuneH enektpo-katanuTinyeH dunm 3a ORR, nopagu TaxHaTa BUCOKa pas3TBOPUMOCT BbB BOAHM pasTBOpU. Bbnpeku ToBa,
XMMUYECKN KOHIOTMpaHuTe HanodacTuuy npossseaT ORR enekTpokaTanuTM4yHa akTWBHOCT B Kucena WMM OCHOBHA Cpeda. Tesn CBOWCTBA OTKPMBAT HOBM
Bb3MOXHOCTY 3a TAXHOTO NMPaKTU4YECKO NPUNOXEeHWe B 06NacTTa Ha ekoTeXHONOrMuTe 1 ONa3BaHETo Ha OkonHaTa cpeaa.

KniouoBu AYMU: BbIMepoaHN HAHOTOYKK, eKOJ'lOZOC'bO6p83HU Kamanusamopu, d)omooxucneHue

Introduction In basic environment:
02 +4e-+ 2H.0 2 40H- Eo=0.401V

The negative consequences of the anthropogenic Oz +2e- + H20 2 HO2~ + OH- Eo=-0.065V
environmental pollution create a prerequisite for the
development of modern ecotechnology for clean energy In acidic environment:
generation. One such approach is the development of O2+4e-+4H'22H,0  Eo=1229V
membrane fuel cells, microbial fuel cells, etc., which utilize the 02+ 2e-+ 2H* 2 H20; Eo=0.670V
reduction of oxygen in order to generate electrical energy
(known as oxygen reduction reaction or ORR) (Huang et al., In order to increase the performance of the working
2017). The reduction of oxygen in water solution can proceed electrode (cathode) our efforts are concentrated on the
basically by two general pathways and the reaction occurred development of effective and low cost electrocatalysts (known
on the cathode electrode. The pathways are dependent on pH as platinum-free) that are able to increase ORR peak current
conditions and thus ORR mechanism basically differs in basic and reduce the electrochemical overpotential. The reason is
or acidic conditions (Yeager 1984), as shown on the equation because the noble metals as platinum and its compounds are
below: considered as the most effective ORR catalysts, however the

high cost and poor global distribution limit its practical
application (Lin et al., 2014).
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During the last decades a lot of efforts have been made to
develop an effective and non-precious electro-catalysts as
alternatives of the platinum based on light elements (carbon,
hydrogen, boron, oxygen, etc.). The recent studies have
focused on carbon based nanomaterials, which are of
particular interest, because they have various attractive
benefits (Li et al., 2012), such as electrocatalytic activity
dependent on their structure and morphology, cheap
production, easy chemical modification and long-term stability.
Herein we employed nitrogen-doped carbon nanodots (C-dots)
as electrocatalyst of ORR in both basic and acidic aqueous
solutions. C-dots are reported to be composed of polyatomic
carbon domains surrounded by amorphous carbon frames
(Zhu et al., 2013). The nanoparticles are highly fluorescent and
can be fabricated in one step reaction by microwave assisted
pyrolysis. Their abundant of organic groups shell allows to be
immobilized on the graphite electrode through chemical
conjugation. Thus, the presented report suggests a novel
approach for producing effective electro-catalyst as alternative
to platinum for ORR.

Experimental Procedures

Materials. Citric acid, 1,2-ethylenediamine, sodium nitrite,
sodium bicarbonate, potassium hydroxide, sulfur acid and
concentrated hydrochloric acid were purchased from Wako. All
the chemicals used within the experiments were of an
analytical grade without any further purification. All solutions
were prepared with deionized water. Graphite rods (model: Uni
0.5 Mm Hb Nano Dia Blended Hi-quality Mechanical Pencil
Leads, made in Japan) with 1.2 nm diameter were used as a
working electrode (cathode).

Fabrication of graphite electrode chemically coated with
carbon nanodots. The nanoparticles were prepared by the so
called “bottom up” method. For that purpose 1 g of citric acid
was mixed with 10 ml deionized water and 0.2 ml of 1,2-
ethylenediamine was subsequently injected in the reaction
mixture. The precursors were well mixed by magnetic stirrer to
obtain a clean transparent solution. Then the mixture was
subjected to microwave pyrolysis in 150 ml Beher glass for 180
sec in conventional microwave oven (600 W). After the
pyrolytic reaction a yellow-brown pellet was formed at the
bottom of the glass vessel. Its aqueous solution has acidic pH
= 3.5. The pellet was dissolved again in 10 ml deionized water
and cooled down in an ice bath. In another glass vessel blue
nitrous acid (HNO2) was prepared by simple mixing of ice,
concentrated hydrochloric acid and sodium nitrite (NaNOz) at
temperature close to 0 °C. 2 ml of the freshly prepared nitrous
acid was mixed with the solution of carbon nanodots. During
the formation of diazonium salts the fluorescence of
nanoparticles disappeared. This fluorescence quenching effect
was an indicator for the monitoring of reaction end. The
chemically activated nanoparticles [C-dots-N=N*] Cl- were
mixed with the graphite electrodes in sodium bicarbonate
(NaHCOs) buffer solution. Thus, an energetic reaction of
chemical conjugation occurred on the graphite surface. During
the reaction bubbles were formed on the fabricated electrode
surface as a result of neutralization of the bicarbonate buffer
with the acidic solution of the nanoparticles.
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Electrochemical measurements. The measurements were
conducted by a conventional three-electrode system utilizing a
Saturated Calomel electrode (SCE) and a platinum wire as a
reference and counter electrode. The working electrodes were
(i) unmodified graphite electrode, (ii) graphite electrode
chemically modified with carbon nanodots and (iii)
polycrystalline platinum disk electrode as a control experiment.
For ORR measurements, 0.1 M KOH and H.SO4 solutions
saturated with oxygen were used. Before measurement the
solutions were subjected to bubbling with oxygen for 30 min to
achieve their complete saturation at ambient temperature
(Gara & Compton, 2011). One control experiment with
solutions saturated with nitrogen was performed too.

Result and discussion

Physicochemical characterization of the carbon nanodots.
The physicochemical characterization of C-dots was performed
using Fourier transform infrared spectroscopy (FT-IR), dynamic
light scattering (DLS) and X-ray photoelectron spectroscopy
(XPS). DLS analysis showed nanoparticles size distribution in
the range 1.5-2.5 nm with 2 nm average diameter. By this
analysis no aggregations were found. FT-IR analysis showed
absorption bands at 3000~3500 cm-", which were associated
to the combination of stretching vibrations of amino (Hz2N-),
hydroxyl (HO-), and alkyl (C-H) functionalities. These organic
groups are responsible also for the hydrophilic nature and
stability of C-dots in aqueous solution. The transitions at 1566,
1402, 1184 and 768 cm-' are assigned to v(C=0), v(C=C),
v(C-0) and v(C-C) vibrations, respectively (Zhu et al., 2013).
XPS analysis was performed, focusing on the C 1s, N 1s and
O 1s regions of the carbon nanodots. XPS analysis for C 1s
region shows main binding energy (BE) peaks at 285.1 eV and
287.0 eV, which correspond to functional groups of aliphatic
carbons and to carbons in C=0, C-O-H and C-O-C,
respectively. The region for nitrogen (N 1s) at 407.5 eV was
observable with a dominant peak.

Electrochemical activity of unmodified graphite electrodes.
Cyclic voltammograms were measured for the unmodified
graphite macroelectrodes (as control experiment) in a range of
scan rates in H2SO4 solution saturated with either oxygen or
nitrogen gas. As we expected, in the majority of experiments
with saturated oxygen there was a response for ORR
electroactivity of the graphite. Nevertheless, the control
experiment with solution saturated with nitrogen gave very little
response with most nothing except a response for the
breakdown of solvent (in case of organic solvent as methanol).

Electrochemical activity of graphite electrode coated with C-
dots. The ORR electroactivity of the immobilized C-dots on the
graphite electrode was evaluated in basic and acidic media as
explained above. On Fig. 1 are shown typical linear sweep
volammograms obtained from (i) unmodified graphite electrode,
(i) graphite electrode coated with carbon nanodots, and (i)
polycrystalline platinum disc electrode. The experiments were
performed in oxygen saturated solutions of 0.1 M potassium
hydroxide (Fig. 1A) and 0.1 M sulfuric acid (Fig. 1B). The figure
shows that the unmodified electrode and the platinum
electrode have an ORR peak current (I) and ORR onset at —
552 pAcm-2 and -0.35 V, and at -559 pAcm-2 and -0.038 V
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(vs SCE), respectively in basic solution. In acidic solution the
unmodified electrode and platinum disk have ORR peak
current and ORR onset at -662 pAcm-2 and -0.51 V, and at -
717 pAcm=2 and -0.47 V (vs SCE), respectively. In both
experiments as theoretically expected the polycrystalline
platinum disk electrode displays optimal oxygen reduction
reaction activity. It is clear further on both figures that in basic
or acidic solution modified graphite electrode becomes less
electronegative. In case of KOH the ORR onset of the coated
electrode shifted from -0.35 V to -0.27 V (shifting by 0.08 V)
and the peak shifted from -552 pAcm2 to —484 pAcm-2

(shifting by 68 pnAcm-2). In the case of the acidic solution the
change is even more significant. The ORR onset of the coated
electrode shifted from -0.51 V to -0.16 V (shifting by 0.35 V)
and ORR peak current shifted from -662 pAcm-2 to -597
pAcm=2 (shifting by 65 uAcm-2). The analysis of the figure
proved that the modification of the electrode with carbon
nanodots enables ORR to occur at a less electronegative
overpotential compared to that of unmodified electrode. As a
result the electrochemical reaction proceeds at less
electronegative ORR onset and the achievable current density

is increasing.
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Fig. 1. Linear sweep volammograms of unmodified graphite, graphite electrode chemically coated with nitrogen doped carbon nanodots and platinum disk

electrode in (A) 0,1 M solution of KOH and (B) 0,1 M solution of H2SO4

The obtained data concluded that the addition of fluorescent
nitrogen doped carbon nanodots on the electrode surface
caused beneficial alteration to the ORR signal output. The
reason is because in both basic and acidic solution the
nanoparticles have a 2 electron pathway ORR mechanism. In
the case of H2SO4 the obtained H202 was the major reaction
product (Martinez-Perinan et al., 2018). It was important to test
the operational stability during longer period of exploitation of
the modified electrode in order to claim for its practical
industrial applications. All experiments show that the modified
electrodes have initial increase in their relative current output
(during 90 min exploitation). These were important results for
the practical use of the electrode as cathode in fuel cells.
However, after few hours’ exploitation (less than 4) their
current gradually decreases. Note that the nature of graphite
electrode is with low adhesion which enables dissolution of its
rough surface into the electrolyte during the friction with liquids.

Another practical advantage of the fabricated electrode is the
resistance of the carbon nanodots to poisoning as inhibition of
the catalytic centers with hydrogen sulfide, carbon oxide and
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methanol. These mentioned compounds have been shown to
reduce significantly the ORR activity of all platinum based
electrocatalysts. In addition, the presence of the nano-layer on
the electrode reduces the charge transfer resistance and thus
improves the electrochemical response. This property could
find application in the biosensors technologies too.

Conclusion

We reported the fabricaton and electrochemical
characterization of graphite electrode modified with nitrogen
doped carbon nanodots towards the ORR in basic and acidic
media. All experiments show increasing of the ORR signal
output, which caused increasing of the achievable current too.
Thus, the electronegativity of the ORR onset potential of the
modified electrode was decreased. Future work is orientated to
improve the stability of the nano-layer on the electrode surface.
This might offer cheap, stable and effective alternative of the
platinum based cathode materials.
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