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Abstract

Hydrogen evolution reaction (HER) is of high priority at present. Existing research has involved the use of noble metals
as catalysts for HER, thus putting an urgency to develop low-cost materials to replace them. In this work, metal-free Oleic
acid functionalized Carbon Dots have been for the first time reported to have outstanding activity for HER. Electrochemical
investigation reveals excellent catalytic performance with overpotential of 1 mV at a current density of — 5 mA cm~2. The
performance at this range marks a significant milestone and paves the way for a sustainable future of metal-free catalysis.

Graphical abstract

Keywords Carbon dots - Oleic acid - Metal-free - Catalyst - Hydrogen evolution reaction (HER)

< Susanta Sinha Mahapatra
ssmahapatra@bitmesra.ac.in

Prem Kumar Srivastava
pksrivastava@bitmesra.ac.in

Department of Chemistry, Birla Institute of Technology,
Mesra, Ranchi 835215, India

1 Introduction

The strong dependence on fossil fuels and their finite avail-
ability has increasingly prompted researchers to explore
green and renewable alternatives. Hydrogen is a clean and
sustainable source of energy. It is the lightest fuel, has the
best energy per unit mass and unlike electricity, can be easily
stored [1]. Hydrogen Evolution Reaction (HER) plays a vital
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role in the electrocatalytic water-splitting reaction for effi-
cient hydrogen production. The splitting of water is slow and
requires a catalyst to trigger proton reduction with minimum
overpotential to increase the reaction rate. Pt-based materi-
als are considered the best choice for HER but their limited
availability and high costs restrict their widespread use [2].
Transition-metal catalysts based on Fe, Co, Ni, Mo have also
been explored for their catalytic activities; nevertheless, the
dissociation of water in alkaline solution, which is a crucial
step in HER is complex with these materials [3].

Carbon has been applied in various forms as electrocata-
lysts for HER, including but not limited to graphene, car-
bon nanotubes, carbon nanofibers, carbon spheres, carbon
nanocages, etc. [4]. Carbon Dots (CDs) are nanodimensional
quasi-spherical particles with a size of less than 10 nm and
contain sp?/sp> hybridized carbon with an array of func-
tional groups like -COOH, —OH, —-NH,, etc [5]. CDs can be
prepared by two approaches, namely the bottom-up and top-
down. The former utilizes organic monomer/polymer precur-
sors while the latter uses carbon materials likes graphite or
carbon nanotubes (CNTs) [6]. Suitable heteroatom doping
viz. N, P, S, O, etc., can be achieved to tune the properties of
CDs [7]. CDs have a high surface area, excellent conductiv-
ity and rich functional groups which help form new active
sites thereby boosting the dissociation of water. CDs also
enhance electron transfer and improve stability thus making
them excellent for catalytic applications [3, 8].

For the first time, we report that metal-free oleic acid
functionalized CDs show outstanding catalytic activity for
HER in alkaline conditions. The synthesis is fast, easy and
highly cost-effective. Oleic acid was taken as the carbon
precursor with ethylenediamine, boric acid, phosphoric acid,
urea, thiourea and sulfuric acid as dopants. In order to study
the influence of metal doping, RuCl;-3H,0 was used. The
use of rotating disk electrode, glassy carbon electrode and
annealing process was avoided to understand the electrocata-
lytic behavior of CDs in a standard three-electrode system.
The aforementioned reason may be the probable cause for

NaOH
260 °C

RuCI3'3H204~

our results to deviate from previously reported studies. The
authors believe that the results presented here shall help in
the development of hydrogen as an ideal fuel for a sustain-
able future.

2 Experimental details
2.1 Materials

Oleic acid [Qualigens Fine Chemicals], NaOH [Rankem],
ethylenediamine [Merck], boric acid [Rankem], phosphoric
acid [Rankem], urea [CDH], thiourea [Thomas Baker], sul-
furic acid [Rankem], H,PtCl;-6H,O [Sigma-Aldrich], KOH
[Rankem] and RuCl;-3H,0 of analytical grade were used as
received. Double-distilled water was used in all experiments.

2.2 Methodology
2.2.1 Synthesis of oleic acid CDs

The synthesis methodology of oleic acid CDs involved the
bottom-up synthesis method as reported by our group [9]. 2
g of NaOH was dissolved in 20 mL of water and stirred till
a transparent solution was obtained. 10 mL of oleic acid was
heated at a temperature of 260 °C for a few minutes. NaOH
and oleic acid were then mixed and filtered. The aqueous
dispersion of oleic acid CDs was sonicated for 15 min and
subsequent functionalization and tests were performed.

2.2.2 Functionalization of oleic acid CDs

The functionalization was achieved by treating 10 mL of
oleic acid CDs with 40 pL of ethylenediamine at 70 °C for
12 h in an oven. Using the same ratio and conditions boric
acid, phosphoric acid, urea, thiourea, sulfuric acid were also
functionalized (Fig. 1). The synthesized CDs are mentioned
in abbreviated forms hereafter; (ethylenediamine: EDA-CDs,

40pL X
(X = EDA, BORIC ACID,
PHOSPHORIC ACID, UREA,
THIOUREA, SULFURIC ACID)

70 °C, 12H

Ru@EDA-CDs

Fig. 1 Schematic showing the synthesis of CDs
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boric acid: B-CDs, phosphoric acid: P-CDs, urea: U-CDs,
thiourea: TU-CDs, sulfuric acid: S-CDs). The aqueous dis-
persion of functionalized CDs was then sonicated for 15 min
and subjected to further investigation. Anhydrous CDs for
electrochemical analysis was obtained by heating 4 mL of
the CDs solution in an oven till evaporation.

2.2.3 Synthesis of Ru@EDA-CDs

To synthesize Ru@EDA-CDs, 7.5 mg of RuCl;-3H,0 was
mixed with 5 mL of EDA-CDs and heated in an autoclave
at 120 °C for 12 h. The resulting filtrate was washed with
ethanol several times and then dried at 70 °C for 12 h.

2.2.4 Preparation of Pt/C

The electrode was prepared from the precursor solution of
H,PtCl,-6H,0 (0.1 M) by galvanostatic method at a current
density of 5 mA cm™ for 5 min.

2.3 Characterization
2.3.1 Instrumentation

UV-Visible absorption spectra were evaluated on LablIndia
UV 3200 using a 1 cm path length quartz cuvette. Perki-
nElmer LS 55 was employed for fluorescence spectra. Fou-
rier transform infrared spectrophotometer (Bruker Alpha)
was used for the infrared spectrum. The morphological
characterization was performed using FESEM (Zeiss). The
electrochemical investigation was done with Autolab 302N.

2.3.2 Electrocatalytic activity

The electrochemical analysis was carried out in a three-elec-
trode cell system at room temperature with a platinum rod as
the counter electrode, Ag/AgCl as the reference electrode,
and graphite electrode as the working electrode. 1 M KOH
aqueous solution was used as the electrolyte. The coating of
CDs on the working electrode was done as follows: ethanol
suspensions containing 500 pL ethanol, 3 mg of catalyst,
and 50 pL 5 wt % Nafion solutions were sonicated for 30
minutes. 30 pL of the resulting solution was then coated
onto the graphite electrode of area 0.48 cm?, thereby giv-
ing the electrode a loading of approximately 2.5 mg. The
overpotential against Ag/AgCl was converted to reversible
hydrogen electrode (RHE) using the relation:

Erpp = Epgiagal +0.059pH + EOAg/AgCl

where, Egyyp is the converted potential vs. RHE, E° Ag/AgCl =
0.1976 at 25 °C, and E54/a4¢y is the experimentally measured
potential against Ag/AgCl reference.

Table 1 Absorption and photoluminescence peaks of synthesized
CDs

Sample UV-Vis peak (nm) PL peak (nm)
0-CDs 272 399
EDA-CDs 270 400
B-CDs 265 399
P-CDs 261 399
U-CDs 263 400
TU-CDs - 399
S-CDs 267 403

Linear sweep voltammetry was performed with a scan
rate of 5 mV s~!. Cyclic voltammetry was conducted at a
sweep rate of 50 mV s~!. The Tafel slope were obtained from
LSV curves based on the Tafel equation.

n=a+bloglj|

where, 1 is overpotential, a is intercept, b is Tafel slope and
Jj is current density.

3 Results and discussion
3.1 CDs characterization
3.1.1 UV-Visible and fluorescence spectral analyses

UV-Vis analysis was performed to understand the optical
properties of CDs. Figure 2 shows the UV—-Vis spectra of
the synthesized CDs. It is well known that the absorption
spectrum of CDs generally exhibits two distinguishable
peaks at around 250 and 300 nm, indicating 7—z* and
n—z* transitions respectively. The peaks corresponding to
UV-Vis and PL are mentioned in Table 1. The synthesized
CDs excluding TU-CDs were found to exhibit similar
UV-Vis curves with a broad absorption that extended into
the visible region. The absorption peaks shown by the CDs
at around 270 nm is attributed to the carbonic core center
[10]. Although the ratio of dopants for functionalization
was constant in all cases, the absorption peak was found to
be absent in the case of TU-CDs. The absence of absorp-
tion can be ascribed to the potential role of sulfur atom
present in thiourea or the absence of oxygen atom since a
successful synthesis was achieved using urea (U-CDs) and
sulfuric acid (S-CDs) (Fig. 3). The physical and chemical
similarity between urea and thiourea has been summed up
in Table S1. This result puts a critical note on the influ-
ence of sulfur compounds devoid of oxygen atoms on the
absorption spectra of CDs.
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Fig.2 UV-Vis spectra of CDs. Inset shows OA-CDs in UV and vis-
ible light
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Fig. 3 Figure illustrating the possible influence of sulfur compounds
devoid of oxygen on the UV-Vis spectra of CDs

CDs photoluminescence (PL) is also an important field
of study because many applications rely on this property.
Several manuscripts pertaining to the PL of CDs have been
reported over the years; however, the origin of fluores-
cence remains unclear [11]. The synthesized CDs samples
had maximum fluorescence intensity at approximately 400
nm at an excitation of 400 nm (Fig. 4).
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Fig.4 Fluorescence spectra of CDs

3.1.2 FESEM analysis

The morphological investigation of CDs was done using
FESEM and is presented in Fig. 5. It can be seen that doping
has a considerable effect on the structural features of CDs
and results in distinctive shape, with the samples showing
spheroidal agglomeration and/or rod-like patterns. OA-CDs,
EDA-CDs and P-CDs do not possess any tubular fragments
in their structure in the tested dimensions. U-CDs and TU-
CDs are seen with rod-like patterns; however, no spherical
clumps can be observed. Amongst the investigated species,
B-CDs and S-CDs have branched tubular structures emerg-
ing between globular clusters. Standing parallel with subse-
quent discussion in “Effect of CDs on graphite electrode”,
this unique morphological feature of B-CDs and S-CDs can
be said to adequately play a potential role in increasing the
surface area, thus improving the HER kinetics.

3.1.3 FT-IR analysis

FT-IR spectra (Fig. 6) of OA-CDs, B-CDs, P-CDs, S-CDs,
EDA-CDs, U-CDs and TU-CDs were found to be paral-
lel, with peaks at 3300 cm™!, 2068 cm™!, 1638 cm™! cor-
responding to —OH stretching, combination bands and -OH
scissoring, respectively. All the synthesized CDs excluding
EDA-CDs had a prominent peak at 1389 cm™! correspond-
ing to C—O-H bending. P-CDs had an additional peak at
1002 cm™!, indicating the stretching P-O vibrations [12].
Similarly, at 1094 cm~! S-CDs show notable S=O stretch-
ing [13]. Comparing the distinctive peaks demonstrated
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Fig.5 FESEM images of a—d OA-CDs, e-h B-CDs, i-1 EDA-CDs, m—p S-CDs, q—t P-CDs, u—x U-CDs, y—ab TU-CDs at different magnifica-
tions

@ Springer



Journal of Applied Electrochemistry (2022) 53:285-295

290
100
>
s
[]
(%)
c
©
E 50
£
[2]
=
©
=
— — EDA-CDs
#—P-CDS
—&— U-CDs
—k— B-CDS
TU-CDs
——S-CDs
0

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (1/cm)

Fig.6 FT-IR spectra of CDs

by EDA-CDs, P-CDs and S-CDs, a mechanistic inference
can be observed and the same has been illustrated in Fig. 7.
When carboxylic acid based CDs are reacted with species
absent of —OH moieties the carboxylic —OH bond combines
with the H of the reacting species, eliminating water and
making way for the attachment of the dopant. In EDA-CDs
the mechanism is expected to proceed via amide coupling
reaction [14]. Likewise, in P-CDs, S-CDs the reacting dop-
ing species i.e., phosphoric acid and sulfuric acid have an
—OH bond at disposal for reaction with OA-CDs; thus the
C-0O-H bending remains undisturbed in this case. The reac-
tion most expectedly proceeds via the interaction of dop-
ing species with the independent H bonds. The same can
be confirmed since additional P-O vibrations and S=0

0=P-OH

) o}
)J\ OH
OH

Fig. 7 Possible mechanism involved in the synthesis of CDs
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stretching are prominently recorded in the FT-IR spectra.
In the absence of —OH bonds of doping species the -COOH
group of CDs preferentially react however the —-COOH
group remains unreactive in case of the availability of -OH
in the functionalizing species putting the idea that a lower
energy barrier is expected for the latter thereby yielding the
major product. The low transmittance of C—O-H bending
in the case of P-CDs also validates that a minor fragment of
doping also proceeds via the interaction with —COOH group.

3.2 Electrochemical analysis
3.2.1 Effect of CDs on graphite electrode

We measured the HER electrocatalytic activity of all the
synthesized CDs in an alkaline solution (1 M KOH). The
onset potential was generated by drawing tangents in the
non-faradaic zone and faradaic zone in LSV curve and the
same has been tabulated in Table 2. From the LSV curve
(Fig. 8), it is evident that Pt/C catalyst shows the expected
HER activity close to zero overpotential. Comparing the
synthesized electrocatalysts, the values of overpotential of
the synthesized electrocatalysts at — 5 mA ¢cm~2 have been
tabulated in Table 2. It is observed that S-CDs have the best
overpotential value at 1 mV followed by Pt/C at — 29 mV
and B-CDs at — 154 mV, respectively. The performance of
the synthesized S-CDs electrocatalyst surpassed the perfor-
mance of Pt/C and hence confirmed that metal-free CDs
can outperform traditional catalysts for HER. The enhance-
ment in performance of CDs with incorporation of sulfur
can be ascribed to the change in electronic structure, leading
to increase in active sites and improvement of charge trans-
fer properties [15, 16]. The overpotential of EDA-CDs was

o)

pemm-y

OH H;HN/\/NHZ

'
becaa=l
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Table 2 Onset potential and overpotential of CDs

Sample Onset potential (mV) Overpo-
tential
(mV)
EDA-CDs — 451 — 662
OA-CDs — 253 —478
Pt - 198 -
Ru@EDA-CDs —48 - 371
Pt/C 10 -29
B-CDs 61 - 154
S-CDs 237 1

0.8
OA-CDs ,
-/\- EDA-CDs 1. 268 mV dec”
0.6 ..
o - B-CDs
I -e- S-CDs
n:' 0.4 { s’ RUGEDA-CDs
2 PUC
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©
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Fig. 10 Tafel plots derived from the corresponding polarization
curves of CDs

comparatively poor; hence the sample was then subjected to
additional capping with Ru to investigate the aided effect of
metal. It could be seen that capping of precious metals can
significantly improve conductivity of the carrier, modulate
the electron distribution to induce a synergistically enhanced
reactivity and help tune HER kinetics of CDs based elec-
trocatalysts [17]. Nevertheless, experimental data reported
over the years has not been able to clearly conclude if the
low HER overpotential is caused by high intrinsic catalytic
activities or by extrinsic factors such as increased surface
area or mass loading [18]. Figure S1 shows the CV curves
of the synthesized CDs recorded at a scan rate of 50 mV s~

An important parameter affecting catalytic performance
is durability. Figure 9 shows the LSV curves of S-CDs and
B-CDs after 500 cycles of CV measurement. It could be
observed that S-CDs show exceptional durability with a
constant LSV curve. In case of B-CDs, however, the onset
potential was found to deteriorate after the 500th cycle.
In addition, the current density increases with increasing
cycles indicating that the coated CDs catalyst on the surface
of electrode apparently corrodes with continuous use. The
aforementioned relation between current density and pres-
ence of CDs can also be correlated from Fig. 12a and has
been verified and discussed in detail in “Effect of CDs in
KOH electrolyte”.

The Tafel slope is an inherent property of electrocata-
lyst which is determined from the speed-controlling step of
HER. The corresponding Tafel curves of synthesized elec-
trocatalysts are shown in Fig. 10. Pt/C has the lowest Tafel
slope at 125 mV dec™. It is believed that a Tafel slope of
120 mV dec™! arises when the Volmer step becomes the
rate-determining step. In the Volmer—Tafel mechanism,
the discharge of protons occurs first and on the surface
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of catalyst the hydrogen coverage increases [19]. Since
graphite was used as catalyst support in our case; it also
becomes active towards HER by introducing foreign
atoms. Graphite is reported to exhibit Tafel slopes of 208
mV dec™in 0.1 M KOH. Manuscripts have defined that
even theoretical Tafel slopes at small overpotentials do not
reach in every case the expected values of 30, 40 and 120
mV dec™! [20]. Amongst the synthesized CDs catalysts,
the lowest Tafel slope was observed for S-CDs at 268 mV
dec™! followed by EDA-CDs at 288 mV dec™! and OA-
CDs at 405 mV dec™'. The performance of S-CDs can be
associated with synergistic electronic interactions between
the different doped heteroatoms and surrounding carbon
atoms resulting in a low Tafel slope [21]. Correspondingly,
the Tafel slope of EDA-CDs can be ascribed to nitrogen
functionalization, ensuing in reduced charge recombina-
tion, optimized charge distribution and structural defects
thereby resulting in rapid transfer of ions and electrons
[22]. Despite the improved overpotential observed with
capping of metals, the Tafel slope was found to degrade in
the case of Ru@EDA-CDs as a slope of 521 mV dec™! was
seen. Some of the reported Tafel slope results on electro-
catalytic materials reported for HER have been enlisted in
Table 3. The values of Tafel slope for the synthesized elec-
trocatalysts in 1M KOH are comparatively on the higher
end than that reported in previous studies. It is however
important to note that high Tafel slopes observed for cer-
tain systems (as in our case) are difficult to be explained
with simple Volmer—Tafel-Heyrovsky steps which are
assumed to describe HER [23]. Since the overpotential

Table 3 Comparison of electrocatalysts reported for HER

—#— RU@EDA-CDs
={=O0A-CDs
~a— EDA-CDs
=/\=B-CDs
~—0O—P-CDs
== U-CDs

O~ TU-CDs
~0—8-CDs
/b= Pt/C

1000 [

-Z" (Q)

VAN
VAN
VAN
VAN
VAN
Ay
"5
0 500 1000
Z'(Q)

0

Fig. 11 Nyquist plots of electrochemical impedance spectra of CDs
in 1M KOH solution

values are commendable, a strong basis for the improve-
ment of Tafel slopes of the reported systems can be a pri-
ority focus for related research in the domain.

The electrode dynamics of HER were investigated using
the electrochemical impedance spectra. Figure 11 shows
the Nyquist curves of the synthesized catalysts. The series
(Rs) and charge transfer resistance (Rct) values have been
shown in Table 4. Ru@EDA-CDs had the lowest charge
transfer resistance, followed by EDA-CDs and Pt/C. In
line with previously reported results, Ru@EDA-CDs

Catalyst Carbon precursor Metal precursor Electrolyte Tafel plots (mV  Overpotential* Reference
dec™) (mV)

S-CDs Oleic acid - 1 M KOH 268 1# This work
EDA-CDs Oleic acid - 1 M KOH 288 — 662* This work
OA-CDs Oleic acid - 1 M KOH 405 — 478* This work
B-CDs Oleic acid - 1 M KOH 837 — 154* This work
Ru@EDA-CDs Oleic acid RuCl;.3H,0 1 M KOH 521 - 371*% This work
NiMo film - NiMo 1 M KOH 140 — 83# [18]
RuP,/CDs Citric acid, I-tryptophan RuCl;.3H,0 1 M KOH 63.29 26" [24]
Ru/CQDs Ginkgo leaves RuCl;.3H,0 1 M KOH 47 0" 2]
Ru@SC-CDs Garlic RuCl;.xH,0 1 M KOH 57 29* [25]
G-EX-ST Graphite powder - 1 M KOH 80 194* [26]
Ru@CQDs600 Porphyra RuCl;.xH,0 1 M KOH 198 346" [27]
Ru-Re;P,/NPC MP, NH,ReO, RuCl, 1 M KOH 29 39* [28]
Pd-CN, Formamide PdCl, 0.5 M KOH 150 — 180* [29]
n-Pd@NDCDs Morinda citrifolia PdCl, 0.5 M H,SO, 135 - 291% [19]

#Sign convention as in reference
#At current density of 5 mA cm™

*At current density of 10 mA cm™2
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Table 4 Rs and Rct values corresponding to the equivalent circuit fit-
ting of Nyquist plot

Sample R, (Q cm?) Ret (Q cm?)
OA-CDs 8.743 1896
EDA-CDs 175.8 780.2
B-CDs 5.422 53530
S-CDs 2572 15397
Ru@EDA-CDs 102.5 444.1

P/C 7.885 1279

exhibit faster interfacial electronic transfer kinetics and
higher charge transfer capacity than Pt/C due to the syn-
ergic effect between the Ru NPs core and the CDs [2]. The
effect reduces the charge-transfer resistance at the catalyst/
electrolyte interface, resulting in improved electrochemi-
cal conductivity. The overall high charge-transfer imped-
ance can be ascribed to the use of graphite electrode in the
process since a high impedance was observed for all the
synthesized catalysts including Ru@EDA-CDs.

It is well established that in alkaline systems, HER
pathway involves the Volmer—Heyrovsky or Volmer—Tafel
steps, with the hydrogen intermediate (H*) following the
Volmer step being formed by an initial water dissociation
step (H,O + e~ — H* + OH"). This dissociation produces
hydrogen intermediates which get adsorbed in active sites
and recombine to yield molecular hydrogen. This step adds
an additional energy barrier and is significant in governing
HER. Other barriers to HER include deprived water bind-
ing energy compared to hydronium ion and poisoning of
active sites by OH ™ resulting in higher overpotentials. The

04 P 0 GS
< /”J
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<
£
- .24
>
x
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(=]
-
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E 4 —Pt
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—O— Pt-OA-CDs-40mL
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(a)

lower the affinity to OH ™ ions the better is the electrocatalyst
for alkaline HER. The thermodynamic states of intermedi-
ates, kinetic barriers, as well as structural morphology of
catalysts significantly affect the HER kinetics. In short, the
mechanism behind HER in alkaline electrolyte is complex
and still not fully understood [30-32]. With several parame-
ters affecting the performance of electrocatalysts it becomes
important to employ modern techniques to fully comprehend
the reasoning. Here in our study, it could be seen how subtle
changes and addition of new functional groups can signifi-
cantly alter the HER kinetics. However, the improvement of
one parameter did not necessarily equate to improvement in
all variables affecting the reaction. This inference implies
that the factors affecting HER are complex and more in-
depth studies need to be taken up to find the balance of vari-
ables for the perfect HER performance.

3.2.2 Effect of CDs in KOH electrolyte

In order to study the influence of CDs solution in electro-
lyte, Pt electrode was analyzed for HER in 40 mL of 1M
KOH. Subsequently, OA-CDs solution viz. 5, 10, 20, 30,
40 mL was added into the electrolyte chamber and the cor-
responding solutions are named as “Pt-OA-CDs-XmL”,
respectively, where “X° denotes the quantity of CDs. It can
be observed from the LSV curve that the onset potential
improves by adding CDs in the electrolyte. Moreover, the
current density decreases with the addition of CDs i.e.,
greater the amount of CDs solution added lesser the cur-
rent density would be. For 30 and 40 mL CDs solution the
current density was alike marking the result that the current
density decrease trend fails at ratio’s higher than (1:0.75)

4
a
5 2-
<
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2 01
)
c
[«/]
o o
-
[=
g
= —Pt
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Fig.12 a LSV and b CV curve corresponding to the influence of CDs addition in 1M KOH electrolyte
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Fig. 13 Nyquist plots of electrochemical impedance spectra corre-
sponding to the influence of CDs addition in 1M KOH electrolyte

between the electrolyte and added CDs. The CV profiles of
the electrolyte systems have been displayed in Fig. 12b. IM
KOH had the largest CV loop area with prominent decrease
in area being observed with the addition of CDs in the elec-
trolyte. The hydrogen adsorption band characteristic of Pt,
was found to be eliminated for “Pt-OA-CDs-XmL” systems
but the hydrogen desorption peak non-existent in bare Pt
was found to occur and be more pronounced with increas-
ing levels of CDs. The double layer region was consistent
in all the systems; however, the oxide formation decreases
with addition of CDs. From the Nyquist curves (Fig. 13) it
could also be seen that Pt did not illustrate semicircles at the
low-frequency region but showed nearly vertical lines for all
electrolyte systems, which indicates its low series resistance
and high ionic conductivity [3333].

4 Conclusion

In summary, we synthesized oleic acid CDs and investi-
gated the electrocatalytic activity for HER in 1 M KOH.
The exceptional activity of functionalized CDs and most
importantly low production cost makes them an excellent
replacement to Pt/C catalyst. The result promotes the idea
that metal-free CDs show high activity for HER in alka-
line conditions. It is essential to mention that CDs precur-
sor has a substantial effect on catalytic activity, consider-
ing that alike reports using other precursors have not been
reported to demonstrate similar electrocatalytic perfor-
mance without metals. The influence of loading, molecular
weight of precursor and functionalizing species viz. N, B,
P, S groups have a notable effect on the catalytic activity
of oleic acid CDs. In brief, we can say that metal-free CDs

@ Springer

show promising results as electrocatalysts for HER and shall
serve as ideal replacements to metal counterparts in the near
future.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10800-022-01780-0.
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