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Abstract A bibliometric approach to assess publication
performances and trends in fluorescent carbon nanopar-
ticle research using literatures in the Science Citation
Index Expanded (SCI-EXPANDED) has been carried
out. In order to ensure that these documents were related
to fluorescent carbon nanoparticles, the filter, paper “front
page” criteria were applied. Documents were analyzed,
including document type and language of publication,
publication trends, Web of Science categories and
journals, publication of countries/regions and institutions,
high impact and highly cited articles, and research
hotspots and their trends. The total citations from Web
of Science Core Collection since publication to the end of
the most recent year and the total citations in the most
recent year only were used to evaluate highly cited arti-
cles and high impact. Results found that the number of
publications dramatically increased after 2011. Two Web
of Science categories of multidisciplinary such as mate-
rials science and chemistry constituted the most of arti-
cles. RSC Advances was the most popular journal. Dom-
ination in publication is surprising from China and India.
The top ten highly cited articles were the same as the top
ten high-impact articles. Based on results of word analy-
sis, word cluster was applied to hotspot and trend studies.
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Introduction

Graphite and active carbon are usually recognized as
black solids without any luminescence. However, when
carbon materials are cut into small sizes (mostly smaller
than 10 nm) and properly functionalized, their optical
properties are dramatically changed. Early in 2006, Prof.
Ya-Ping Sun proposed the concept of carbon dots, fluo-
rescent carbon nanoparticles with surface passivation
(Sun et al. 2006). Carbon dots possess the competitive
optical properties to semiconductor quantum dots such as
CdSe, but are much more biocompatible and nontoxic.
Therefore, carbon dots are regarded as hopeful new
material platforms for bioimaging and other applications
(Yang et al. 2009a, b; Luo et al. 2013). Biomedical
applications of carbon dots in cell imaging (Cao et al.
2007), in vivo imaging (Yang et al. 2009a, b), and
theranostics (Huang et al. 2012) are quickly established
ever since that. Another category of intrinsic fluorescent
carbon nanoparticles is graphene quantum dots, which
emit luminescence from bandgap transitions of conjugat-
ed π-domains and the passivation of defects (Cao et al.
2013). The two intrinsic fluorescent carbon nanoparti-
cles, carbon dots, and graphene quantum dots, have
attracted tremendous interest and been applied in
bioimaging, for example imaging (Peng et al. 2017), drug
delivery (Chaudhary et al. 2017), analysis (Wang, et al.
2017), sensors (Atabaev 2018), energy conversion
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(Essner and Baker 2017), and catalysis (Hutton et al.
2017). Due to the rapid development of fluorescent car-
bon nanoparticles, many review papers are published to
summarize the research progresses and indicate the future
directions (LeCroy et al. 2016; Luo et al. 2014). Despite
the common reviews, bibliometric methods provide in-
depth analysis of the literature output and research trends.

Kostoff’s group presented a series of bibliometric
studies in material field by Science Citation Index Ex-
panded (SCI -EXPANDED) (Kos to ff e t a l .
2002,2006,2007a,2007b). Highly cited articles in mate-
rials science were also reported (Ho 2014). Bibliometric
studies of publications related to nanoparticles have
been presented including the review of nanoparticle
drug delivery technologies (Lee et al. 2016), the devel-
opment trends and research fronts of magnetic nanopar-
ticles (Liu et al. 2016), the review of nanoparticles
toxicity on algae (Tang et al. 2018), and bibliometric
of the reproductive and developmental toxicity of nano-
particles (Wang et al. 2018).

In the present study, the fluorescent carbon nanopar-
ticle publications were analyzed based on papers
indexed in SCI-EXPANDED. Publication performance
of countries and institutions as well as the publication
hotspots and their trends were discussed.

Materials and methods

Data used in this study were retrieved from the Clarivate
Analytics Web of Science, the online version of the
Science Citation Index Expanded (SCI-EXPANDED)
on 21 September 2018. The database was searched
under the strategy:

TOPIC: (“graphene nanodot” or “graphene
nanodots” or “graphene dots” or “graphene dot”
or “graphene quantum dot” or “graphene quantum
dots” or “carbon dots” or “carbon dot” or “carbon
quantum dot” or “carbon quantum dots” or “carbon
nanodot” or “carbon nanodots” or “C nanodot” or
“C nanodots”) and (“fluorescent” or “fluorescence”
or “photoluminescence” or “photoluminescent” or
“luminescence” or “luminescent” or “phosphores-
cence” or “phosphorescent”) and year published:
2006–2017

KeyWords Plus supplied additional search terms ex-
tracted from the titles of articles cited by authors in their

bibliographies and footnotes in the ISI (now Clarivate
Analytics) databaseand substantially augmented title-
word and author-keyword indexing (Garfield 1990).
The final filter was the “front page” (Fu et al. 2012) in
which only the articles having the search keywords in
their “first page” including article title abstract and
author keywords were retained. The impact factor of a
journal was based on the Journal Citation Report 2017
(IF2017). The number of citations of an article fromWeb
of Science Core Collection in a single year for example
2017was referred to as theC2017 (Ho 2012) and the total
number of citations since publication to the end of 2017
was referred to as the TC2017 (Wang et al. 2011; Chuang
et al. 2011). The records were downloaded and
reorganized using Microsoft Excel 2016 (Li and Ho
2008; Ho and Fu 2016). In the SCI-EXPANDED data-
base, the corresponding author was designated as the
“reprint author”; this study instead used the term “cor-
responding author” (Chiu and Ho 2007). In a single-
author article where authorship was unspecified, the
single author was both first author and corresponding
author. Similarly, for a single institution article, the
institution was classified as both the first author’s insti-
tution and the corresponding author’s institution (Lin
and Ho 2015). Only the first corresponding author was
considered in this study. The collaboration type was
determined by the addresses of the authors.

Results and discussion

Document type and language of publication

A relationship between document types and their cita-
tions per publication in a research field was proposed
(Hsieh et al. 2004). A total of 2933 fluorescent carbon
nanoparticles related publications in SCI-EXPANDED
was found within eight document types indexed in the
Web of Science. The most used document type was the
articles (95% of 2933 publications) followed distantly
by reviews (3.5%) and meeting abstracts (1.1%)
(Table 1). A total of 33meeting abstracts were published
in ten journals in which Abstracts of Papers of the
American Chemical Society published the most meeting
abstracts with 16 (48% of 33 meeting abstracts). Simi-
larly, TRAC-Trends in Analytical Chemistry published
the most reviews with seven (6.9% of 102 reviews). The
document type of reviews had the highestCPP2017 of 71
which can be attributed to the reviews entitled
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“Luminescent carbon nanodots: Emergent nanolights”
(Baker and Baker 2010) by Sheila N. Baker and Gary A.
Baker from Oak Ridge National Laboratory in USA
with the highest TC2017 of 1796 in fluorescent carbon
nanoparticles related publications. The highest number
of authors per publication (APP) was a document of
articles with 6.0 and followed by corrections (5.4).
Document of articles represented whole research ideas
and results, therefore 2775 articles were analyzed in
further study (Ho et al. 2010). Language of publication
in a research field is one of the basic concerns in
bibliometric studies as a big data analysis (Wang and
Ho 2011). Ninety-nine percent of the articles were pub-
lished in English with CPP2017 of 27 and APP of 6.0.
Other two non-English languages were also used, such
as Chinese (36 articles; CPP2017 = 2.4; APP = 4.8) and
Portuguese (1 article; CPP2017 = 3.0; APP = 5.0). Such
high percentage (99%) of English articles was also
reported in wetland research (Zhang et al. 2010a) and
ammonia oxidation (Zheng et al. 2017).

Trends in fluorescent carbon nanoparticle publications

A relationship between the percentage of cited papers
and paper life has been reported (Chiu and Ho 2005). In
order to understand publication and their citation trends,
a relationship between citations per publication
(CPP2017) and article life was further proposed
(Chuang et al. 2007). Generally, after publication year,
CPP2017 of articles sharply increased to a peak and
decreased after that (Chuang et al. 2007; Chuang and
Ho 2014). However, Fig. 1 shows citations per

publication for each year of article life up to the 11th
year, which was the last year with only one article.

Ho proposed a relationship between total number of
articles (TP) in a year and their citations per publication
(CPPyear = TCyear/TP) by the decades (Ho 2012) and
years (Ho 2013) to understand publication and their
impact trends in a research field. It was applied as a
unique indicator for research topics (Pouris and Ho
2016; Ho et al. 2016). The annual number of fluorescent
carbon nanopart icle-related art icles in SCI-
EXPANDED and their CPP2017 were counted and is
displayed in Fig. 2. In the period of 2006–2008, only
one article was published in each year including articles
by Sun et al. (2006), Cao et al. (2007), and Sun et al.
(2008) with TC2017 of 1620, 1035, and 170, respective-
ly. After 2010, a sharp increase was found from 30 in
2011 to 846 in 2017.

Web of science categories and journals

Distributions ofWeb of Science category and journal are
a basic part of bibliometric study (Chiu and Ho 2005).
The fluorescent carbon nanoparticle articles published
in journals that were distributed in 65 Web of Science
categories in SCI-EXPANDED. The top 11 productive
Web of Science categories with more than 100 articles
are shown in Table 2. Thirty-eight percent of all articles
were published in leading two categories such as multi-
disciplinary materials science with 929 articles (33% of
2775 articles) and multidisciplinary chemistry with 878
(32%) articles. It should also be noticed that journals

Table 1 Citations and authors according to document type

Document type TP % APP CPP2017

Article 2775 95 6.0 27

Review 102 3.5 4.0 71

Meeting abstract 33 1.1 4.2 0.091

Correction 13 0.44 5.4 0.54

Proceedings paper 13 0.44 3.9 15

Editorial material 7 0.24 2.4 5.0

Letter 3 0.10 4.0 3.3

Retracted publication 2 0.068 4.5 3.0

TP number of articles, AU number of authors, APP number of
authors per publication (APP), CPP2017 citations per paper
(TC2017/TP), TC2017 total citations from Web of Science Core
Collection since publication to the end of 2017
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Fig. 1 Citations per publication by article age
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could be classified into two or more categories in Web
of Science (Ho 2014), for example Biosensors & Bio-
electronics was listed in categories of “biophysics,”
“biotechnology and applied microbiology,” “analytical
chemistry,” “electrochemistry,” and “nanoscience and
nanotechnology” thus the sum of percentages was
higher than 100%. The percentages of the top categories
were high, which indicated the research focused on
specific research areas including chemistry and mate-
rials science.

In total, 2775 fluorescent carbon nanoparticle articles
were published in 319 journals in SCI-EXPANDED.
The top ten most productive journals are listed in

Table 3. Four of the top ten productive journals were
in Web of Science category of multidisciplinary mate-
rials science and three in each of nanoscience and nano-
technology, analytical chemistry, and multidisciplinary
chemistry respectively. RSC Advances (IF2017 = 2.936)
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Fig. 2 Trends of fluorescent carbon nanoparticles articles in SCI-
EXPANDED and citations per publication from 2006 to 2017

Table 2 Top 11 active Web of Science categories

Web of Science category TP % No. J

Multidisciplinary materials science 929 33 285

Multidisciplinary chemistry 878 32 171

Nanoscience and nanotechnology 668 24 92

Analytical chemistry 605 22 80

Physical chemistry 512 18 146

Applied physics 458 17 146

Electrochemistry 245 8.8 28

Biomaterials materials science 162 5.8 33

Instruments and instrumentation 137 4.9 61

Condensed matter physics 126 4.5 67

Biophysics 109 3.9 72

TP number of total articles, No. J number of journals in a category

Table 3 The top ten productive journals on graphene nanodots
research

Journal TP (%) IF2017 Web of Science
category

RSC Advances 288 (10) 2.936 Multidisciplinary
chemistry

Nanoscale 136 (4.9) 7.233 Multidisciplinary
chemistry

Nanoscience and
nanotechnology

Multidisciplinary
materials science

Applied physics

Sensors and
Actuators
B-Chemical

132 (4.8) 5.667 Analytical
chemistry

Electrochemistry
Instruments and

instrumentation

ACS Applied
Materials &
Interfaces

112 (4.0) 8.097 Nanoscience and
nanotechnology

Multidisciplinary
materials science

Biosensors &
Bioelectronics

91 (3.3) 8.173 Biophysics
Biotechnology and

applied
microbiology

Analytical
chemistry

Electrochemistry
Nanoscience and

nanotechnology

Journal of
Materials
Chemistry B

91 (3.3) 4.776 Biomaterials
materials science

Carbon 77 (2.8) 7.082 Physical chemistry
Multidisciplinary

materials science

Chemical
Communica-
tions

67 (2.4) 6.290 Multidisciplinary
chemistry

Journal of
Materials
Chemistry C

66 (2.4) 5.976 Multidisciplinary
materials science

Applied physics

Microchimica
Acta

65 (2.3) 5.705 Analytical
chemistry

RSC Advances 288 (10) 2.936 Multidisciplinary
chemistry

TP number of total articles, IF2017 journal impact factor in 2017
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in the category of multidisciplinary chemistry, published
the most fluorescent carbon nanoparticles articles (288
articles; 10% of 2775 articles). As regards to journal
impact factor, Nature Nanotechnology won the first
place with the highest IF2017 of 37.49 with two articles,
followed by Energy & Environmental Science (IF2017 =
30.067) with one article, Materials Today (IF2017 =
24.537) with three articles, and Advanced Materials
(IF2017 = 21.95) with 20 articles.

Publication of countries/regions

The contributions provided by different countries were
estimated by the affiliation of at least one author of
fluorescent carbon nanoparticle articles. Of the 2773
articles with author affiliations in SCI-EXPANDED
published by authors from 59 countries, 2355 articles
(85% of 2773 articles) were country-independent pub-
lications from 36 countries, and 418 (15%) articles were
internationally collaborative publications from 58 coun-
tries. Five bibliometric indicators such as the total (TP),
independent (IP), collaborative (CP), first author (FP),
and corresponding author (RP) were applied to examine
the research performances for different countries (Han
and Ho 2011). Table 4 shows the top ten productive
countries including one American country, two Europe-
an countries, six Asia countries, and Australia. Only two
of the seven major industrialized countries of the world
(G7) such as USA and Germany were ranked in the top
ten but Japan (36 articles; ranked 11th), the UK (31
articles; ranked 12th), Italy (27 articles; ranked 13th),

Canada (17 articles; ranked 19th), and France (11 arti-
cles; ranked 24th), were not at the top. China ranked top
in six publication indicators with TP of 1866 articles
(67% of 2773 articles), IP of 1610 articles (68% of 2355
independent articles), CP of 256 articles (61% of 418
collaborative articles), FP of 1811 articles (65% of 2773
first author articles), and RP of 1801 articles (65% of
2773 corresponding author articles).

Publication of institutions

The five publication indicators were used to compare
institution publications (Han and Ho 2011). In total,
1261 (45% of 2773 articles) were single institution
articles and 1512 (55%) articles were inter-institutional
collaborations. The top ten institutions were ranked by
the number of total articles in Table 5. Among these ten
institutions, nine were in China and one in India. Chi-
nese Academy of Sciences in China with 324 articles
(12% of 2773 articles) including 282 inter-
institutionally collaborative articles (19% of 1512 arti-
cles), 187 first author articles (6.7% of 2773 articles),
and 201 corresponding author articles (7.2% of 2773
articles), ranked top while Jilin University in China with
the most institutional independent articles with 58 (4.6%
of 1261 articles). In addition, Indian Institutes of Tech-
nology in India with 56 articles (ranked fifth) was the
only one non-Chinese institute in Table 5. A bias ap-
peared because both the Chinese Academy of Sciences
(Li et al. 2009) and the Indian Institute of Technology
(Tanaka and Ho 2011) have branches in different cities.

Table 4 Top ten productive countries

Country TP TPR (%) IPR (%) CPR (%) FPR (%) RPR (%)

China 1866 1 (67) 1 (68) 1 (61) 1 (65) 1 (65)

India 271 2 (9.8) 2 (10) 6 (6.9) 2 (9.3) 2 (9.3)

USA 240 3 (8.7) 4 (3.3) 2 (39) 4 (3.7) 4 (3.9)

South Korea 124 4 (4.5) 3 (3.9) 4 (7.7) 3 (4.0) 3 (4.1)

Iran 81 5 (2.9) 5 (2.9) 16 (2.9) 5 (2.9) 5 (2.9)

Taiwan 80 6 (2.9) 6 (2.5) 11 (4.8) 6 (2.6) 6 (2.5)

Australia 56 7 (2.0) 14 (0.42) 3 (11) 9 (0.87) 9 (0.94)

Spain 55 8 (2.0) 7 (1.1) 7 (6.7) 7 (1.5) 7 (1.7)

Singapore 41 9 (1.5) 8 (0.72) 8 (5.7) 8 (1.0) 8 (1.0)

Germany 38 10 (1.4) 16 (0.34) 5 (7.2) 10 (0.72) 11 (0.69)

TP total number of articles, TPR (%), IPR (%),CPR (%), FPR (%), RPR (%), and RPR (%): the rank and percentage of total articles, country
independent articles, internationally collaborative articles, first author articles, corresponding author articles, and single author articles
among their total articles, respectively
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At present, the publications of these two institutes were
pooled as one heading, and publications divided into
branches would result in different rankings (Li et al.
2009). Except for the Chinese Academy of Sciences
and the Indian Institute of Technology, Jilin University
in China ranked the top in TP, IP, FP, and RP. University
of Chinese Academy of Sciences in China published the
most inter-institutionally collaborative articles. Low per-
centage of independent articles with IP of four articles
(ranked 69th, 0.32% of 1261); first author articles with
FP of seven articles (ranked 89th, 0.25% of 2773); and
corresponding author articles with RP of seven articles
(ranked 86th, 0.25% of 2773) shows that University of

Chinese Academy of Sciences had low research capac-
ity in fluorescent carbon nanoparticle research. Figure 3
shows the publication trends of the top seven institutes.
Jilin University, Southwest University, and Indian Insti-
tute of Technology had similar increasing trends. Chi-
nese Academy of Sciences and University of Chinese
Academy of Sciences also had a similar development
trend, especially a decreasing trend was found in the
recent year.

High impact and highly cited articles

It was recommended that researchers pay more attention
to the highly cited articles with Cyear but not to those
with TCyear, because some highly cited articles with
TCyear have not had a high impact in recent years (Ho
and Hartley 2016). However, the top ten highly cited
articles in fluorescent carbon nanoparticles still have a
high impact in the most recent year with C2017 ≥ 169
(ranked top ten) including articles as follows (Fig. 4):

1. Quantum-sized carbon dots for bright and colorful
photoluminescence (Sun et al. 2006)

This most impact article in 2017 was published by
Sun and other 15 authors from Clemson University in
the USAwith C2017 of 317 (ranked first) and TC2017 of
1620 (ranked first). In this communication, Prof. Ya-
Ping Sun and co-workers proposed for the first time the
concept of carbon dots and demonstrated the

Table 5 Top ten productive institutions

Institute TP TPR (%) IPR (%) CPR (%) FPR (%) RPR (%)

Chinese Academy of Sciences, China 324 1 (12) 3 (3.3) 1 (19) 1 (6.7) 1 (7.2)

Jilin University, China 112 2 (4.0) 1 (4.6) 3 (3.6) 2 (3.2) 2 (3.2)

University of Chinese Academy of Sciences, China 97 3 (3.5) 69 (0.32) 2 (6.2) 89 (0.25) 86 (0.25)

Southwest University, China 73 4 (2.6) 2 (3.8) 11 (1.7) 3 (2.6) 3 (2.6)

Indian Institutes of Technology, India 56 5 (2.0) 4 (2.6) 15 (1.5) 5 (1.6) 5 (1.5)

Lanzhou University, China 54 6 (1.9) 7 (1.5) 5 (2.3) 4 (1.8) 4 (1.8)

Nanjing University, China 53 7 (1.9) 10 (1.3) 4 (2.4) 6 (1.4) 6 (1.4)

Soochow University, China 46 8 (1.7) 7 (1.5) 8 (1.8) 7 (1.3) 7 (1.3)

Shanghai Jiao Tong University, China 39 9 (1.4) 17 (1.0) 8 (1.8) 10 (0.90) 10 (0.90)

Shanghai University, China 38 10 (1.4) 25 (0.79) 7 (1.9) 14 (0.83) 25 (0.65)

TP: total number of articles; TPR (%), IPR (%), CPR (%), FPR (%), RPR (%): the rank and percentage of total articles, single-institution
articles, inter-institutionally collaborative articles, first-author articles, and corresponding-author articles among their total articles, respec-
tively; N/A: not available
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Fig. 3 Publication trends of the top seven institutes (TP > 50)
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photoluminescence of carbon dots. Acid-treated carbon
particles from laser ablation were functionalized with
diamine-terminated oligomeric poly-(ethylene glycol).
The polymer passivated the defects on carbon nanopar-
ticles to produce emissive energy traps on the surface of
carbon dots. Carbon dots emitted fluorescence with
quantum yields of 4%–10% and the emission wave-
lengths shifted along with the change of excitation
wavelengths. The luminescence of carbon dots was
stable against photo-irradiation. The bioimaging appli-
cations of carbon dots were confirmed by the colorful
bacteria and mammalian cells upon the incubation with
carbon dots.

2. Highly photoluminescent carbon dots for multicolor
patterning, sensors, and bioimaging (Zhu et al.
2013)

The article was published by Zhu and other nine
authors from Jilin University in China with C2017 of
302 (ranked second) and TC2017 of 831 (ranked sev-
enth). In this communication, Zhu and co-workers
reported a facile and high output strategy for the
industrial-scale production of carbon dots, and devel-
oped several new applications of carbon dots. Citric
acid and ethylenediamine were hydrothermally
reacted to produce carbon dots with a high quantum
yield of 80%. Interestingly, carbon dots were applied
in multicolor patterning as printing inks at microscale.
Carbon dots could also be fabricated into polymers
for anti-counterfeit purposes. The fluorescence of
carbon dots could be selectively quenched by Fe3+,

so carbon dots were used for intracellular Fe3+ detec-
tion. In all aforementioned applications, carbon dots
were excited by UV blue and green light to emit blue,
green, and red fluorescence.

3. Carbon nanodots: synthesis, properties, and appli-
cations (Li et al. 2012a)

The article was published by Li and other three
authors from Soochow University in China with C2017

of 248 (ranked third) and TC2017 of 1016 (ranked
fourth). This is a feature article, in which Li et al.
reviewed the synthesis, properties, and applications of
carbon dots. It is mistakenly categorized as an article in
SCI-EXPANDED database. The chemical and physical
synthesis methods of carbon dots were summarized.
The optical properties of carbon dots, including absor-
bance, photoluminescence, electrochemical lumines-
cence, photo-induced electron transfer property, and
upconversion photoluminescence were introduced. The
applications of carbon dots in photocatalysis, optoelec-
tronics, energy and charge transfer, bioimaging, sensor,
and surface-enhanced Raman scattering were briefly
reviewed.

4. Hydrothermal route for cutting graphene sheets into
blue-luminescent graphene quantum dots (Pan et al.
2010)

The article was published by Pan and other three
authors from Shanghai University in China with C2017

of 229 (ranked fourth) and TC2017 of 1148 (ranked
second). In this communication, Pan et al. reported the
hydrothermal approach for cutting of graphene sheets
into surface-functionalized graphene quantum dots,
which is the first report on chemical preparation of
functionalized graphene quantum dots with sub-10 nm
sizes. Upon the oxidation by H2SO4 and HNO3,
graphene sheets were hydrothermally treated at 200 °C
for 10 h to obtain graphene quantum dots. Graphene
quantum dots had an average diameter of 9.6 nm and the
height was 1–2 nm. Under UV irradiation, the blue
luminescence at 430 nm was observed. The quantum
yield of graphene quantum dots was 6.9%. The lumi-
nescence of graphene quantum dots depended on exci-
tation wavelengths and pH values.

5. Nitrogen-doped graphene quantum dots with
oxygen-rich functional groups (Li et al. 2012b)
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Sun et al. (2006), C2017 = 317, TC2017 rank 1

Zhu et al. (2013), C2017 = 302, TC2017 rank 7

Li et al. (2012), C2017 = 248, TC2017 rank 4

Pan et al. (2010), C2017 = 229, TC2017 rank 2

Li et al. (2012), C2017 = 207, TC2017 rank 9

Li et al. (2010), C2017 = 207, TC2017 rank 4

Shen et al. (2012), C2017 = 189, TC2017 rank 8

Peng et al. (2012), C2017 = 187, TC2017 rank 6

Li et al. (2011), C2017 = 173, TC2017 rank 10

Cao et al. (2007), C2017 = 169, TC2017 rank 3

Fig. 4 The citation histories of the articles ranked top ten in both
C2017 and TC2017
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The article was published by Li and other six authors
from Beijing Institute of Technology in China, Tsinghua
University in China, Case Western Reserve University
in the USAwith C2017 of 207 (ranked fifth) and TC2017

of 781 (ranked ninth). In this communication, Li et al.
reported the first attempt of doping graphene quantum
dots with nitrogen to effectively tune their intrinsic
properties and explore new applications. Nitrogen-
doped graphene quantum dots were prepared by an
electrochemical approach using tetrabutylammonium
perchlorate as the N source. The N/C ratio of N-doped
graphene quantum dots was 4.3%. The nitrogen shifted
the emission from green light to blue light, which was
due to the relatively strong electron affinity of N atoms.
N-doped graphene quantum dots supported on graphene
sheets possessed superior electrocatalytic ability for ox-
ygen reduction reaction.

6. Water-soluble fluorescent carbon quantum dots and
photocatalyst design (Li et al. 2010)

The article was published by Li and other nine au-
thors from Soochow University in China, Northeast
Normal University in China, Centre of Super-Diamond
and Advanced Films (COSDAF) in China with C2017 of
207 (ranked fifth) and TC2017 of 1016 (ranked fourth). In
this communication, Li et al. developed a one-step al-
kali-assisted electrochemical fabrication of differently
sized carbon dots to evidence the size-dependent
photoluminescence and excellent upconversion lumi-
nescence. By changing the current densities, the size
of carbon dots could be controlled (1.2–3.8 nm), in
particular, after the separation of simple column chro-
matography. The emission of carbon dots shifted from
350 nm for 1.2 nm carbon dots to 800 nm for 3.8 nm
carbon dots. Theses carbon dots possessed clear
upconversion photoluminescence properties upon the
excitation from 500 to 1000 nm. In addition, carbon
dots could be fabricated with TiO2 or SiO2 for the
photocatalytic decoloration of methylene blue.

7. Graphene quantum dots: emergent nanolights for
bioimaging, sensors, catalysis, and photovoltaic de-
vices (Shen et al. 2012)

The article was published by Shen and other three
authors from East China University of Science and
Technology in China withC2017 of 189 (ranked seventh)
and TC2017 of 817 (ranked eighth). This is another

feature article, in which Shen et al. reviewed the recent
developments in the preparation and applications of
graphene quantum dots. It is again mistakenly catego-
rized as an article in SCI-EXPANDED database. The
synthesis of graphene quantum dots by top-down and
bottom-up approaches was summarized. Optical prop-
erties, cytotoxicity, and other physical properties of
graphene quantum dots were briefly introduced. The
applications of graphene quantum dots in bioimaging,
electrochemical biosensors, catalyst for the oxygen re-
duction reaction, and organic photovoltaic devices were
reviewed in details. The outlook was made from the
synthesis methods, surface engineering, fluorescence
enhancement, and other analogs.

8. Graphene quantum dots derived from carbon fibers
(Peng et al. 2012)

The article was published by Peng and other 15
authors from Nanjing University in China, Rice Univer-
sity in USA, Council for Scientific and Industrial Re-
search (CSIR) in India, University of Texas MD Ander-
son Cancer Center in USA, ShinshuUniversity in Japan,
Ocean University of China in China, Baylor College of
Medicine in USAwith C2017 of 187 (ranked eighth) and
TC2017 of 865 (ranked sixth). In this letter, Peng et al.
reported the one-step wet chemical preparation of
graphene quantum dots GQDs from carbon fibers with
resin-rich surface. The new preparation protocol could
tailor the photoluminescence of graphene quantum dots
by changing reaction temperatures, which resulted in
differently sized graphene quantum dots. The bandgap
of graphene quantum dots was controlled by the particle
size and the size-dependent emission was evidenced.
The bioimaging capability of graphene quantum dots
was demonstrated in human breast cancer cell T47D,
where graphene quantum dots accumulated in the
cytoplasm.

9. An electrochemical avenue to green-luminescent
graphene quantum dots as potential electron-
acceptors for photovoltaics (Li et al. 2011)

The article was published by Li and other six authors
from Beijing Institute of Technology, Tsinghua Univer-
sity, Beijing Jiaotong University in China with C2017 of
173 (ranked ninth) and TC2017 of 753 (ranked tenth). In
this letter, Li et al. reported a new electrochemical
approach for direct preparation of functional graphene
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quantum dots of uniform size 3–5 nm. Graphene film
was treated with O2 plasma and used as the working
electrode to produce graphene quantum dots. Graphene
quantum dots emitted strong green luminescence
(473 nm) and were stable during storage for months.
Graphene quantum dots could be used as electron ac-
ceptor material in P3HT-based solar cell. Isc, Voc, FF,
and PCE of P3HT-based solar cell were all enhanced by
graphene quantum dots, highlighting the great potential
of graphene quantum dots in photovoltaic devices.

10. Carbon dots for multiphoton bioimaging (Cao
et al. 2007)

The article was published by Cao and other 11 au-
thors fromClemson University in the USAwithC2017 of
169 (ranked tenth) and TC2017 of 1035 (ranked third).

In this communication, Prof. Ya-Ping Sun and co-
workers firstly discovered the two-photon lumines-
cence property of carbon dots and achieved the mul-
tiphoton bioimaging in human cancer cells. Carbon
dots were prepared by surface passivation with
poly-(propionylethylenimine-co-ethylenimine) and
the sizes were generally smaller than 5 nm. Carbon
dots could be excited by 458 nm argon-ion laser for
single-photon excitation and also by 800 nm femto-
second pulsed laser for two-photon excitation. Car-
bon dots were imaged in the cytoplasm of human
breast cancer MCF-7 cells under two-photon lumi-
nescence microscopy, suggesting the potential of car-
bon dots for multiphoton bioimaging.

Research hotspots and their trends

The distribution of words in article titles, abstracts,
author keywords, and KeyWords Plus can be informa-
tive when evaluating trends in research topics (Zhang
et al. 2010b; Wang and Ho 2016). From the words in
title, after excluding the name of carbon dots and
graphene quantum dots and also the fluorescence-
related words, which defined the fluorescent carbon
nanoparticles, the most frequently used words are “syn-
thesis, detection, imaging, sensing, sensitive, nitrogen-
doped, selective, green, probe, ions, properties, facile,
cells, applications, cell, acid, preparation, bioimaging,
sensor, and determination”. “Synthesis,” held the total
number of 540 articles, is the most used word in title. As
a new category of fluorescent materials, the major effort
has been dedicated to the synthesis of fluorescent carbon

nanoparticles. Synthesis is also listed among the most
frequent words in article abstract, author keywords, and
KeyWords Plus. Following synthesis is “detection,”
which highlights the applications of fluorescent carbon
nanoparticles in the analysis of substances. In this ap-
plication, the fluorescence intensity would change upon
the stimulation of analytes and the correlation ship is
used for identification or quantification. Detection is
also listed in the popular words in abstract, author key-
words, and KeyWords Plus. The third frequent one is
imaging, that has a total number of 306 articles. Fluo-
rescence recording of fluorescent carbon nanoparticles
in cells is commonly used to demonstrate the potential in
imaging applications. A few of these articles imaged
carbon nanoparticles in animals. Beyond the analysis
and imaging applications, the author keyword
“photocatalysis” indicated that the catalytic applications
of fluorescent carbon nanoparticles have attracted great
interest. Other interesting words are “cytotoxicity” and
“electron,”which suggest the importance of low toxicity
and the applications in electronic related areas.

The results of our keyword analyses provide infor-
mation about themain and possible research foci as each
word cluster comprised several supporting words. Thus,
the possible main research foci in fluorescent carbon
nanoparticles research are:

1. Analysis: This focus is supported by word cluster of
“analysis, concentration, detection, determination,
ions, probe, selective, sensing, sensitive, and sen-
sor”, holding a total number of 2323 articles. Anal-
ysis is an important issue and could be applied in
many areas. The annual article number of fluores-
cent carbon nanoparticles for analysis increased
sharply after 2011 (Fig. 5). One highly cited article
concerned the detection of Fe3+ by carbon dots (Zhu
et al. 2013). The fluorescence quenching/enhancing
of fluorescent carbon nanoparticles provided ideal
responsive signals for analysis. In addition, the ex-
perimental procedures are easier in solution than
bioimaging experiments. Therefore, many re-
searches dedicated in the analysis applications of
fluorescent carbon nanoparticles.

2. Imaging applications: This focus is supported by the
word cluster of “bioimaging, cell, imaging, in vivo,
probe, sensing, and sensor”, which held a total
number of 2287 articles. Imaging is the initial pur-
pose of developing fluorescent carbon nanoparti-
cles. All the highly cited articles talk about the
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imaging applications. Imaging applications pub-
lished similar numbers of articles to those of analy-
sis. In the beginning of carbon dots, they were
designed for bioimaging applications to overcome
the toxicity drawback of semiconductor quantum
dots. In 2006, carbon dots were imaged in bacteria
and cells (Sun et al. 2006). The two-photon imaging
in cells was achieved in 2007 (Cao et al. 2007) and
the imaging in animals was established in 2009
(Yang et al. 2009a, b). Looking into these imaging
applications, most of them were performed on mi-
croorganisms andmammalian cells. There are fewer
ethics issues for such studies and the cultivation
conditions are simpler. In future studies, in vivo
imaging applications are highly recommended to
push fluorescent carbon nanoparticles for clinical
uses.

3. Preparation methods: This focus is supported by the
word cluster of “synthesis, nitrogen-doped, green,
facile, preparation, method, yield, hydrothermal,
simple, and facile” with a total number of 2165
articles. Seven of the eight highly cited articles
(excluding the two feature articles) developed new
methods for the preparation of fluorescent carbon
nanoparticles. Interestingly, nitrogen doping is a hot
method in the modification of fluorescent carbon
nanoparticles. In the highly cited article by Li et al.
(2012a, b), nitrogen-doped graphene quantum dots
were prepared for catalytic applications. Generally,
each article on fluorescent carbon nanoparticles is
involved with preparation protocol and many of

them dedicated to improve or modify the prepara-
tion methods. There are many methods reported,
including surface functionalization of small parti-
cles, hydrothermal carbonization, acidic/basic car-
bonization, hydrothermal cutting, and doping with
other elements. The main aims of preparation
methods studies are higher product yield and larger
scale, higher quantum yield and more stable fluo-
rescence, red and infrared emissions, and proper
surface chemistry for diverse applications.

4. Photovoltaic applications: Photovoltaic applications
have one supporting word “electron.” The energy
problem is currently a very hot topic in material
science. The potential of fluorescent carbon nano-
particles in converting photons into electrons would
extend their applications and importance. The
electronic properties of fluorescent carbon
nanoparticles are concerned by the community and
more related articles are published in recent years.
Among the highly cited articles, Li et al. (2011)
used graphene quantum dots in photovoltaic de-
vices. In future, fluorescent carbon nanoparticle-
based solar cells are the main pursuits for practical
uses.

5. Biosafety: The biosafety issue is supported by the
word “cytotoxicity.” The annual publication on cy-
totoxicity of fluorescent carbon nanoparticles in-
creased to 95 articles in 2017. The toxicity issue
should be thoroughly investigated to guarantee the
safe applications of fluorescent carbon nanoparti-
cles. The good biocompatibility of fluorescent car-
bon nanoparticles is the major advantage over semi-
conductor quantum dots. Just as the imaging appli-
cations, most studies focused on the cytotoxicity of
carbon nanoparticles. Cell viability is the most used
technique to preliminarily demonstrate the low tox-
icity. The in vivo evaluations are scarce, which
should be enforced in the future. More systematic
evaluations and mechanism investigations of the
toxicity of fluorescent carbon nanoparticles are
expected.

Conclusions

In fluorescent carbon nanoparticle field, 2933 docu-
ments in eight document types were found in SCI-
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EXPANDED from 2006 to 2017. English was the dom-
inant language. A sharply yearly number of articles
increased was found after 2011. The most cited and also
the most impact articles were published in 2006. Top
three productive journals including RSC Advances,
Nanoscale, and Sensors and Actuators B-Chemical
were listed in Web of Science category of multidisci-
plinary chemistry. China dominated six publication in-
dicators such as the total number of articles, country
independent articles, internationally collaborative arti-
cles, first author articles, corresponding author articles,
and single-author followed by India. It is surprising
from publication performance of University of Chinese
Academy of Sciences in China which ranked second in
inter-institutionally collaborative articles and third in
total articles but much less number of institute indepen-
dent, first author, and corresponding author articles. The
top ten highly cited articles with total citations fromWeb
of Science Core Collection since publication to the end
of 2017 were the same as the top ten high impact articles
with total citations in 2017 only. Analysis, imaging
applications, and preparation methods were three
hotspots in fluorescent carbon nanoparticle field.
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