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A B S T R A C T   

Nitrogen-doped carbon quantum dots (N-CQDs) decorated on platinum (Pt) nanoparticles (Pt@N-CQDs) were 
synthesized for use as catalysts in the oxygen reduction reaction (ORR). Pt@N-CQDs were prepared by hydro
thermal and reduction methods, and an optimum concentration of N-CQDs was demonstrated. The weight 
percentage of CQDs to Pt was tested at 10, 20, and 30 wt% to optimize the ORR performance. In particular, 
Pt@20N-CQDs with 20 wt% N-CQDs exhibit superior electrochemical performance, such as onset potential 
(Eonset) of ~0.925 V, half-wave potential (E1/2) of ~0.834 V, and limited-current density of − 3.83 mA cm− 2 at 
0.5 V. In the durability test for ORR catalytic activity, Pt@20N-CQDs showed low potential degradation and 
superior long-term stability of 20 mV (90.6%) at E1/2 after 5000 cycles in 0.1 M KOH electrolyte. These per
formance improvements are owing to improved electrical properties by N doping in the CQDs and the increased 
number of active sites with oxygen-containing functional groups.   

1. Introduction 

Together with the development of next-generation sustainable en
ergy conversion devices, the oxygen reduction reaction (ORR) has 
attracted considerable attention. The ORR is a key electrochemical 
process for eco-friendly energy conversion and storage devices [1–5]. In 
particular, the ORR at the cathode, which is more difficult and slower 
than the anodic reaction, is an important factor in determining the 
performance of devices [6,7]. Although Pt-based catalysts have been the 
best to date for the ORR process, they possess high overpotentials in both 
acidic and alkaline electrolytes and low long-term stability [8–11]. 
Despite extensive study, catalyst design is proceeding slowly due to the 
complex reaction mechanism for the ORR. Therefore, most research has 
focused on rational synthetic methods for various Pt-based nano
materials [12–14]. Recently, ORR catalysts have been dispersed on 
carbon-based supports with high electrical conductivity and specific 
surface area such as carbon black, graphene, graphene oxide, and carbon 
nanotubes [15–21]. However, commercial carbon support materials, 
including carbon black (Vulcan XC-72), have unsatisfactory disadvan
tages such as low catalytic activity and durability [22]. To overcome 
these problems, carbon quantum dots (CQDs) are of considerable in
terest as ORR catalysts owing to their excellent electrical conductivity, 
oxygen-functional groups, and hydrophilicity [23–25]. Thus, studies on 

N-CQDs decorated on Pt catalysts for optimum catalytic activity and 
improved long-term durability have yet to be reported. 

In this paper, we propose a novel hybrid nanostructure combining N- 
CQDs and Pt catalysts using hydrothermal and reduction methods. We 
verified the optimized electrochemical properties this structure by 
demonstrating the relationships between morphology, structure, 
chemical bonding states, ORR activity, and long-term stability. In 
addition, N-doping was used to accelerate electrical conductivity on the 
CQDs for high-performance ORR activities. 

2. Experimental details 

Citric acid (C6H8O7, 99.5%), urea (CH4N2O, 99.0%), chloroplatinic 
acid hydrate (PtCl4, 99.9%), 2-propanol (99.5%), sodium borohydride 
(NaBH4, 98%), Nafion® perfluorinated resin solution, and potassium 
hydroxide (KOH, 85%) reagents were purchased from Sigma-Aldrich. 
All chemicals were used as received without further purification. N- 
CQDs were synthesized using the hydrothermal method. Citric acid 
(2.73 g) and urea (1.24 g) were dissolved in deionized water (30 mL). 
The prepared solution was transferred into a Teflon-lined stainless-steel 
autoclave and heated at 180 ◦C for 6 h. After, the autoclave was cooled 
down to room temperature, the resulting CQDs were centrifuged at 
10,000 rpm for 20 min to remove any sediment. The light brown 
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supernatant solution was dialyzed using a 6–8 kD molecular weight cut- 
off (MWCO) membrane for 12 h. The resulting solution was dried in an 
oven at 50 ◦C for 24 h to obtain black N-CQDs. These were dispersed in 
water at a weight ratio of 10, 20, and 30 to the platinum precursor, and 
0.28 mM chloroplatinic acid hydrate was added to this solution. Sub
sequently, 0.1 M sodium borohydride solution was added to the mixture. 
Pt nanoparticles were isolated using freeze drying at − 50 ◦C for 12 h in 
vacuum. This process yielded three types of electrocatalysts: Pt@10N- 
CQDs, Pt@20N-CQDs, and Pt@30N-CQDs, representing the 10, 20, 
and 30 wt ratios of N-CQDs to the platinum precursor. 

The crystal structures and morphologies of all samples were char
acterized using X-ray diffraction (XRD) (Rigaku D/Max-2500 diffrac
tometer) and transmission electron microscopy (TEM) (Tecnai G2, KBSI 
Gwangju Center). The chemical binding states were analyzed by X-ray 
photoelectron spectroscopy (XPS) (ESCALAB 250). Electrochemical 
measurements were carried out using a potentiostat/galvanostat 
(PGSTAT302N, FRA32M, Metrohm Autolab) with a rotating disk elec
trode (RDE). A three-electrode system is composed of a working elec
trode (glassy carbon), a reference electrode (Ag/AgCl) (sat. KCl), and a 
counter electrode (Pt wire). Each catalyst was prepared as ink with a 
mixture, containing 10 mg of respective catalysts dispersed in 250 µL of 
1:1 v/v ratio of water/2-propanol containing 50 µL of 20 wt% Nafion 
solution followed by ultrasonicating for an hour and dispersed for three 
days. In succession, 1.8 µL of homogeneous prepared electrocatalyst ink 
solution was dropped on the surface of glassy carbon electrode with an 
area of 0.0706 cm2 and dried at 50 ◦C for 30 min in an oven. All elec
trodes were prepared with Pt loading amount of 0.80 mgPt cm− 2. The 
electrolyte was 0.1 M KOH, which was purged with O2 and Ar gas for 1 h 
before starting the electrochemical measurement. Cyclic voltammetry 
(CV) was performed at a scan rate of 50 mV s− 1 in the range from 0.1 to 
1.2 V in the Ar and O2-saturated 0.1 M KOH electrolyte. Linear sweep 
voltammetry (LSV) measurements were performed at rotational speeds 
of 100, 400, 900, 1600, and 2500 rpm at a scan rate of 5 mV s− 1 in the 
range from 1.2 to 0 V in an O2-saturated 0.1 M KOH electrolyte. To 
investigate long-term electrocatalytic stability, an accelerated durability 

test (ADT) was performed at a scan rate of 100 mV s− 1 in the range from 
0.6 to 1.0 V for up to 5000 cycles. After the ADT test, the LSV was 
measured at 1600 rpm at a scan rate of 5 mV s− 1 in the range from 1.2 to 
0 V in an O2-saturated 0.1 M KOH electrolyte. 

3. Results and discussion 

Fig. 1(a) shows UV–Vis spectrum and illustration photographs of N- 
CQDs solution. The suspension of N-CQDs showed brown under a 
daylight (left) and bright blue fluorescence (right) under a 365 nm UV 
light. The UV–Vis spectrum exhibited two absorption peaks at 210 and 
330 nm, which indicate that the absorption peaks of the N-CQDs were 
attributed to π-π* and n-π* transition of the aromatic sp2 domains 
including C––C, C––N, and C––O bonds [26]. Fig. 1(b) shows a schematic 
illustration of the Pt@N-CQDs, which proposed as a new catalyst 
structure through the interaction of Pt NPs for ORR activity. Fig. S1 
shows the schematic illustration of the synthesis method for N-CQDs and 
Pt@N-CQDs. Fig. 1(c) shows the XRD patterns of all samples. The 
spectrum of the N-CQDs exhibited a broad peak around 25◦, corre
sponding to the (0 0 2) plane of graphite. However, no peak ascribed to 
the N-CQDs was identified for the XRD patterns of Pt@10N-CQDs, 
Pt@20N-CQDs, and Pt@30N-CQDs. This is due to low concentration 
of the N-CQDs with amorphous carbon related to low diffraction in
tensity, which is beyond the limits of XRD detection [27,28]. The main 
diffraction peaks of Pt@10N-CQDs, Pt@20N-CQDs, and Pt@30N-CQDs 
were observed at 39.9◦, 46.3◦, 67.8◦, and 81.5◦ correspond to the (1 
1 1), (2 0 0), (2 2 0), and (3 1 1) planes of the metallic Pt phases (JCPDS 
card No. 87-0646), respectively [29]. The particle size was calculated 
using the Scherrer equation [30]: 

D = 0.9λ/(βcosθ)

where λ is the X-ray wavelength, β is the full width at half maximum 
(FWHM), and θ is the Bragg angle. Using the equation, the average sizes 
of all electrocatalyst were calculated by inputting the (1 1 1), (2 0 0), and 

Fig. 1. (a) UV–Vis spectrum and illustration photographs of N-CQDs solution. (b) Schematic illustration of the Pt@N-CQDs (c) XRD patterns of N-CQDs, Pt@10N- 
CQDs, Pt@20N-CQDs, and Pt@30N-CQDs, and (d) FWHM data for the Pt(1 1 1) and Pt(2 0 0) peaks for Pt@10N-CQDs, Pt@20N-CQDs, and Pt@30N-CQDs. 

H.-G. Jo et al.                                                                                                                                                                                                                                   



Applied Surface Science 554 (2021) 149594

3

(3 1 1) planes of the Pt phases (Fig. 1(d)). The average sizes of Pt@10N- 
CQDs, Pt@20N-CQDs, and Pt@30N-CQDs were ~4.48, ~4.57, and 
~4.67 nm, respectively. Pt@20N-CQDs synthesized from the optimal 
concentration of N-CQDs can constitute the most ORR activity due to 
improved Pt crystallinity [31]. Crystal structure control and surface 
functional group formation of Pt-based catalysts are pivotal in 
improving stability [32]. However, excessive concentration of N-CQDs 
(for instance Pt@30N-CQDs) can lead to aggregation of N-CQDs and 
rather decrease the crystallinity of Pt [33]. As shown in Fig. S2, the FT-IR 
spectrum of N-CQDs observed these characteristic features in terms of 
the stretching vibrational peaks at 3446 cm− 1, 3214 cm− 1, 1662 cm− 1, 
1631 cm− 1, 1577 cm− 1, 1394 cm− 1, and 1167 cm− 1, which were related 
to O–H, N–H/C–H, C––O, C––C, C–N, C–H, and N–H [34]. 
Compared to that of Pt NPs, the FT-IR spectrum of the Pt@20N-CQDs 
showed the peaks at 1577 cm− 1 and 1167 cm− 1, which were caused 
by the stretching vibrations of C–N and N–H involvement of N-CQDs. 
These C–N and N–H groups confirm the formation of amide bonds due 
to the dehydration reaction between the amino and carboxyl groups 
[35]. Thus, FT-IR spectrum results signify that the nitrogen-doping and 
oxygen-containing functional groups of N-CQDs can effectively enhance 
the active sites of Pt NPs [36]. 

Fig. 2(a) shows a TEM image of N-CQDs with a size distribution 
range of 2–6 nm, which presents a relatively bright contrast. The HR- 
TEM image of the N-CQDs indicates a lattice fringe spacing of 0.34 
nm, corresponding to the (0 0 2) plane of graphite (Fig. 2(b)) [37]. Fig. 2 
(c) shows the TEM image of Pt@20N-CQDs, which consist of relatively 
dark contrast Pt phases and relatively bright contrast N-CQDs. Their 
particle size distribution and average size are ~3–5 nm and ~4.53 nm, 
which is slightly larger than the size of the Pt NPs. A lattice spacing of 
0.227 nm, corresponding to the Pt (1 1 1) plane, was observed for the 

HR-TEM image of Pt@20N-CQDs (Fig. 2(d)), [38,39]. The N-CQDs with 
lattice fringe spacings of 0.34 nm are distributed on the Pt nanoparticles 
[40]. As shown in the Fig. S3(a), Pt@10N-CQDs showed the lattice 
distance of 0.200 and 0.227 nm, corresponding to the (2 0 0) and (1 1 1) 
planes of the Pt FCC structure, respectively. Due to the low concentra
tion of N-CQDs, the surface carbon layers of Pt@10N-CQDs are difficult 
to identify [41]. But, in Fig. S3(b), the Pt@20N-CQDs showed uniform 
carbon layers of ~1.7 nm on the surface of Pt NPs. In Fig. S3(c), uneven 
and aggregated carbon layers at the Pt@30N-CQDs were appeared due 
to the excessive concentration of N-CQDs. Thus, we confirmed that the 
structure of the Pt@N-CQDs can be adjusted by the concentration of N- 
CQDs and optimized at the Pt@20N-CQDs. Fig. S4(a) showed the TEM- 
EDS mapping data of the Pt@20N-CQDs, confirming uniformly distrib
uted N-CQDs on the surface of Pt NPs [33]. In addition, well-distributed 
N and O elements with C elements indicate the successful formation of 
N-doped CQDs [42]. In Fig. S4(b) and (c), the map sum spectrum and 
EDS quantification results of Pt@20N-CQDs showed the quantified dis
tribution of the Pt, C, N, and O elements [43]. As a result, it can be 
concluded that the Pt@20N-CQDs were composed of N-CQDs and Pt 
nanoparticles. Thermogravimetric analysis (TGA) curves of Pt@10N- 
CQDs, Pt@20N-CQDs, and Pt@30N-CQDs are shown in Fig. S5. The 
weight loss of Pt@N-CQDs begins at the room temperature and con
tinues up to 540 ◦C, which is due to chemisorption of N-CQDs and loss of 
crystalline water [40,44]. Afterwards, the slower weight loss to 800 ◦C 
may be due to the removal of oxygen-containing functionalities and 
volatile compounds such as CO, CO2, H2, and CH4 in Pt@N-CQDs [45]. 
The Pt@10N-CQDs, Pt@20N-CQDs, and Pt@30N-CQDs showed the 
weight loss of 1.78, 4.12, and 8.89 wt%, respectively, which represents 
the N-CQDs amount of Pt@N-CQDs. 

The chemical binding states of the N-CQDs and Pt@20N-CQDs were 

Fig. 2. (a) TEM and (b) HR-TEM images of N-CQDs, (c) TEM, and (d) HR-TEM images of Pt@20N-CQDs.  
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investigated by XPS measurements as shown in Fig. 3(a–f). Fig. 3(a) 
displays full-range XPS spectra of N-CQDs, Pt@20N-CQDs, and Pt NPs. 
In particular, Pt NPs show very low intensity of C without N elements. 
The XPS core-level spectra of C 1s and N 1s of Pt@20N-CQDs were 
generated due to N-CQDs, which is consistent with the chemical bonding 
state results of N-CQDs [46,47].The C1s XPS core-level spectra of N- 
CQDs and Pt@20N-CQDs exhibited four peaks, including ~283.7 eV 
(C––C), ~284.7 eV (C–C), ~286. 4 eV (C–N), and ~288.8 eV 
(O–C––O) (Fig. 3(b) and (e)) [36,39]. The oxygen-containing carbon 
atom as the carboxyl group has a relatively strong electro positivity, 
which is advantageous for adsorbing the oxygen atom of the oxygen and 
for further reduction of H2O [48]. The N 1s XPS core-level spectra of N- 
CQDs and Pt@20N-CQDs showed three peaks including ~398.9 eV 
(pyridinic-N), ~400.3 eV (pyrrolic-N), and ~401.9 eV (graphitic-N) (see 
Fig. 3(c) and (f)). The pyridinic-N and pyrrolic-N are located on the edge 
of graphite, pyrrolic-N can contribute two p-electrons to the aromatic 
π-system, and pyridinic-N contributes only one p-electron [49,50]. 
These electron-rich N groups can activate the surrounding carbon atoms 
and generate a net positive charge, thereby promoting the ORR elec
trocatalytic activity of N-CQDs [51]. Fig. 3(d) shows the high-resolution 
Pt 4f spectra, which can be deconvoluted into two peaks: metallic Pt(0) 
at ~70.8 eV (Pt 4f7/2) and ~74.2 (Pt 4f5/2). The high proportion of Pt(0) 
phase in Pt@20N-CQDs can provide improved catalytic activity for ox
ygen adsorption. 

Fig. 4(a) presents the electrocatalytic activity of Pt NPs, Pt@10N- 
CQDs, Pt@20N-CQDs, and Pt@30N-CQDs measured by CV. The elec
trochemical active surface area (ECSA) was calculated by integrating 
hydrogen adsorption charges of the CV curve. The ECSA value provides 
important information related to the number of catalytically active sites 
per mass (g) of the catalysts, and can be calculated using the following 
equation [52] : 

ECSA
(
m2 g− 1) =

QH(μC cm− 2)

(21 μC cm− 2) × mpt(g cm− 2)

where QH (µC cm− 2) is the measured columbic charge for hydrogen 
desorption, 21 µC cm− 2 is an assumed value for amount of adsorbed 
atomic hydrogen on clean Pt surface, and mpt (g cm− 2) is the amount of 

Pt catalysts loading [53]. 
The specific ECSAs (m2 g− 1) of all electrodes were 24.8, 34.6, 41.9, 

and 39.5 m2 g− 1 for Pt NPs, Pt@10N-CQDs, Pt@20N-CQDs, and 
Pt@30N-CQDs, respectively. Pt@20N-CQDs represent the largest ECSA, 
indicating more electrochemically available active sites compared with 
other samples [54]. This is because the optimized concentration of N- 
CQDs were well dispersed in the Pt NPs. 

In order to more clearly identify the ORR activity, LSV measurements 
were performed as shown in Fig. 4(b). Pt@20N-CQDs showed an 
improved onset potential (Eonset) of ~0.925 V, half-wave potential (E1/2) 
of ~0.834 V, and limited-current density of − 3.83 mA cm− 2 at 0.5 V, 
which demonstrates enhanced ORR activity compared with the values 
(Eonset of ~0.871 V, E1/2 of ~0.788 V, and limited-current density of 
− 2.91 mA cm− 2) of the Pt NPs. The Pt@10N-CQDs and Pt@30N-CQDs 
samples also show higher Eonset and E1/2 values than those of Pt NPs. 
These are summarized in Table S1. 

The electrochemical reduction of O2 proceeds in two main electron 
reaction pathways in alkaline electrolyte. One of the two pathways is the 
indirect transfer reaction of two-electrons (2e− ) to produce H2O2 and the 
other is the reaction of producing water (H2O) through the direct four- 
electrons (4e− ) [55]. The difference between direct and indirect path
ways is determined by the H2O2 molecules, participating to the reaction. 
Therefore, reducing H2O2 through four-electron paths is more favorable 
for ORR performance [56]. The selectivity of ORR was investigated 
according to the Koutecky-Levich (K-L) as the following equation [15]: 

1
j
=

1
jk
+

1
jd
=

1
Bω1/2 +

1
jk  

where j is the measured current density, jk and jd are the kinetic-limited 
and diffusion-limited current density. k is electron transfer rate constant, 
ω is angular velocity of the electrode, and the proportionality coefficient 
(B) is calculated from the slope of the K-L plot based on the following 
equation : 

B = 0.62nFC0(D0)
2
3v−

1
6  

where n is the number of electrons transfer, F is the Faraday constant, Co 
is the bulk concentration of O2 in the electrolyte, Do is the diffusion 

Fig. 3. (a) Wide-scan XPS spectra of N-CQDs, Pt@20N-CQDs, and Pt NPs and HR-XPS spectra of (b) and (e) C 1s, (c) and (f) N 1s, and (d) Pt 4f obtained from N-CQDs 
and Pt@20N-CQDs. 
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coefficient of O2 in the electrolyte, and ν is the kinematic viscosity of the 
electrolyte. Fig. S6(a) showed the LSV curves measured at 2500–400 
rpm of Pt@20N-CQDs. It was calculated from the above equation and 
proving a four-electron reduction pathway with a K-L plot of 3.98 (≈4) 
in the range of 0.3–0.5 V (vs. RHE) (see Fig. S6(b)). Thus, Pt@20N-CQDs 
can induce an excellent ORR process in alkaline media due to the four- 
electron reduction pathway [42,45]. This performance improvement 
can be ascribed to two causes: one is due to N-doping of the CQDs, 
resulting in improved electronegativity on the carbon lattice, and the 
other is because of the increased number of active sites introduced by 
oxygen-containing functional groups on the CQDs. For practical appli
cations as catalysts in fuel cells, the long-term stability test for ORR 
activity is one of the most important criteria. The ADT, which is more 
severe than the simple CV test due to rapid potential change and long- 
term cycling, was performed and the results are shown in Fig. 4(c–f). 
After 5000 cycles, the potential degradation of Pt NPs, Pt@10N-CQDs, 
Pt@20N-CQDs, Pt@30N-CQDs, evaluated at E1/2 were 58.1, 36.6, 
20.0, and 26.7 mV, respectively. Among all the samples, Pt@20N-CQDs 
showed superior long-term stability in ORR activity [57]. The well- 
decorated carbon layer obtained from an optimized N-CQD concentra
tion plays a key role in protecting the catalytic degradation for improved 

long-term stability [58]. On the other hand, Pt@30N-CQDs retain an 
excessive thick-decorated carbon layer from the excess concentration of 
N-CQDs, which yields a slightly reduced long-term stability compared to 
Pt@20N-CQDs. Therefore, we have demonstrated that well-decorated 
N-CQDs on Pt catalysts are a promising candidate as cathode catalysts 
for fuel cells. 

4. Conclusion 

In this work, N-CQDs decorated Pt catalysts were synthesized using 
hydrothermal and reduction methods. Pt@20N-CQDs showed improved 
ORR activity, including an Eonset of ~0.925 V, E1/2 of ~0.834 V, and 
limited-current density of − 3.83 mA cm− 2 at 0.5 V. Furthermore, 
Pt@20N-CQDs showed excellent long-term stability, demonstrated by a 
low potential degradation of 20 mV (90.6%) in E1/2 after 5000 cycles. 
The superior electrochemical performance is due to the improved elec
trical properties due to N doping of CQDs and the increased number of 
active sites provided by oxygen-containing functional groups on the N- 
CQDs. This demonstrates that Pt@N-CQDs are a promising technology 
for use as cathode catalysts in fuel cell applications. 

Fig. 4. (a) CV curves, (b) LSV curves of Pt NPs, Pt@10N-CQDs, Pt@20N-CQDs, and Pt@30N-CQDs, (c)-(f) initial and after accelerated durability test (ADT) of Pt NPs, 
Pt@N-10CQDs, Pt@20N-CQDs, and Pt@30N-CQDs. 
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