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Since the discovery of the promising properties of graphene, research in the field has
attracted numerous grants and sponsors, leading to an exponential rise in the number of
papers and applications. This article presents a global map of graphene research and its
intellectual structure, drawn using the terms of more than 50,000 documents extracted
from Scopus database, years 1998-2015. The unit of analysis consisted of descriptors
(including Author Keywords and Indexed Keywords), with the co-occurrence of descrip-
tor as the unit of measure, using fractional counting. The main research lines identified
are: Fundamental Research, Functionalization and Biomedical Applications, Technology
and Devices, Materials Science, Energy Storage, Optics and Chemical Properties and
Sensors. Using overlay maps, we depict the graphene research efforts of the United
States, the European Union (Europe-28), and China, and project their evolution through
longitudinal maps to facilitate comparison. The United States was initially at the head of
world output in graphene research, but was surpassed by China in 2011 and by Europe
in 2014, as a result of their respective scientific policies and financial support. The output
of China has since been so intense that it can be said to mark graphene research trends.
We believe this information may be valuable for the core community involved in this
scientific field, as it offers a large-scale analysis showing how research has changed over
time. It is therefore also helpful for policy makers and research planners. The resulting
maps are a useful and attractive tool for the graphene research community, as they
reveal the main lines of exploration at a glance. The methodology described here could
be re-created in any other field of science to uncover and display its intellectual structure
and evolution over time.

Keywords: graphene, information visualization, bibliometric analysis, co-words, intellectual structure, research
lines, evolution

INTRODUCTION

New carbon nanostructures—fullerenes, nanotubes and, above all, graphene—have aroused great
interest in recent years, making the field of graphene research undergo phenomenal growth that
comes to light in publications.

Graphene is a one-atom-thick layer of carbon with exceptional physical and chemical properties
and a potential for revolutionary applications in a wide variety of fields: strong lightweight materials,
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new-generation electronic units, specialized coatings, novel
biomaterials and sensors, and innovative medical applications
(Novoselov et al., 2012). Back in 1947 (Wallace, 1947), planar
graphene was theoretically presumed not to exist in a free, stable
state (Odegard et al., 2002). Within the framework of carbon-
based materials, however, this 2-D material suddenly aroused the
attention of scientists (Lv et al., 2011). With the experimental dis-
covery of graphene by Novoselov et al. (2004), a rapidly growing
stream of scientific literature became fertile land for bibliometric
studies: Barth and Marx (2008), Wan and Pan (2010), Shapira
etal. (2010), Lv et al. (2011), Munoz-Sandoval (2014), Small et al.
(2014), Terekhov (2015), Klincewicz (2016), and Shapira et al.
(2016).

As they say, a picture is worth a thousand words, and the
notion behind information visualization is to create a mental pic-
ture of that which is invisible to our eyes. This idea arises from the
conviction that an image facilitates comprehension, and invites
one toward analysis better than text, numbers, or a combination
thereof. Information visualization emerged at the beginning of
this century as a discipline of great interest at the crossroads
of bibliometrics and scientometrics, providing multiple visual
representations known as scientograms (Moya-Anegon et al.,
2007a). These maps of science can facilitate understanding of a
scientific domain by depicting the structure of research output.
At large, scientograms show relationships that occur between
disciplines; and they may be used more specifically as an index
to comprehend to what extent certain research lines or fields
are connected with others (Vargas-Quesada and Moya-Anegon,
2007). They enable one to explore the sequential evolution of
research, identify research fronts, detect emerging or decadent
topics, and locate areas of interdisciplinary efforts (Gomez-Nufez
et al., 2016).

Still, researchers persistently search for other underlying
mechanisms that may explain certain changes and patterns
within scientific networks (Chen, 2004). Bibliometric mapping
tools and scientometric analyses have become increasingly
sophisticated in order to reach more ambitious goals. In this
work, we use automatic bibliometric mapping tools to show the
intellectual structure of a relatively novel field, graphene research,
joining the current debate about distinct counting approaches
(full/fractional), and tracing its evolution to date.

RELATED WORKS

Co-word analysis (Callon et al., 1983, 1991; Leydesdorff, 1989)
has been described—and later corroborated (Leydesdorff and
Nerghes, 2017)— as the best approach to determine and set out
the intellectual structure of a field at the level of research spe-
cialties (Braam et al., 1991a,b). It is furthermore able to bring
to light new developments of a research line over time (Peters
and van Raan, 1993a,b) and help policy makers understand the
complex interrelations of science and their implications for effec-
tive research planning (He, 1999). Although co-word analysis
has gradually been improved upon, while not all of its limitations
have been overcome (Wang et al., 2012), this type of analysis can
reveal the intellectual underpinnings of a wide variety of domains:
chemistry (Callon et al., 1991), data retrieval (Ding et al., 2001),

the fuzzy logic field (Lopez-Herrera et al., 2010), women and
health (Zulueta et al., 2011), keyword analysis (Cantos-Mateos
etal,,2012), human intelligence networks (Wang et al., 2012), and
stem cells (Cantos-Mateos et al., 2014). A recent study applied
it to study the intellectual structure of nanotechnology and its
evolution (Mufioz-Ecija et al., 2017).

Information visualization has a very active role in the distri-
bution and depiction of the intellectual structures related with
scientific research lines (Chen et al., 2001). The use of sciento-
grams to look onto/into science is not entirely new, offering a
new standpoint to reveal the scientific frontiers and dynamic
intellectual structure of a research line (Alcaide-Muioz et al., in
press). The pioneer efforts in this terrain go back to the 1960s, in
fact. Science maps have been used to navigate around scholarly
literature and the depiction of its internal relations (Garfield,
1986), to represent the spatial distribution of research areas and
their relations (Small and Garfield, 1985) and to analyze and
visualize the social or intellectual spry of scientific research fronts
(Braam et al., 1991a,b; Noyons et al., 1999; Borner et al., 2003).

At the end of the 20th century, the lower price of computer
equipment, along with an increased capacity of processing and
storage components, not to mention big data and new algorithms,
set the stage for a grand era in the first decade of this millen-
nium, with the appearance of a wide variety of free software for
science mapping analysis (Cobo et al., 2011a). Among many
other achievements, science mapping become the keystone of
visualizing and analyzing computer graphics (Chen et al., 2001),
using ISI categories to represent science (Moya-Anegon et al.,
2004), mapping the backbone of science (Boyack et al., 2005),
evaluating large maps of disciplines (Klavans and Boyack, 2006),
visualizing the citation impact of scientific journals (Leydesdorft,
2007a), mapping interdisciplinarity (Leydesdorft, 2007b), view-
ing the marrow of science (Moya-Anegon et al., 2007b), creating
dynamic animations of journal maps (Leydesdorff and Schank,
2008), mapping the structure and evolution of chemistry
research (Boyack et al., 2009), proposing a consensus map of sci-
ence (Klavans and Boyack, 2009), creating a journal map using
Scopus data (Leydesdorff et al., 2010), mapping the geography
of science (Leydesdorff and Persson, 2010), clustering over two
million biomedical publications (Boyack et al., 2011), creating
more accurate document-level maps of research fields (Klavans
and Boyack, 2011), detecting and visualizing the evolution of
the fuzzy sets theory field (Cobo et al., 2011b), proposing a new
global science map (Leydesdorft et al, 2013a,b; Boyack and
Klavans, 2014), analyzing the investigation in integrative and
complementary medicine (Moral-Mufioz et al., 2014), analyzing
intelligent transportation systems (Cobo et al., 2014), showing
the evolution of bases knowledge systems (Cobo et al., 2015),
showing the scientific evolution of social work (Martinez et al.,
2015), outlining animal science research (Rodriguez-Ledesma
et al.,, 2015), studying the conceptual evolution of marketing
research (Murgado-Armenteros et al., 2015) identifying and
depicting the intellectual structure and research fronts in nano-
science and nanotechnology in the world (Mufioz-Ecija et al.,
2017), and exploring the scientific evolution of e-Government
(Alcaide-Munoz et al., in press), among other brave new
initiatives.

Frontiers in Research Metrics and Analytics | www.frontiersin.org

October 2017 | Volume 2 | Article 7


http://www.frontiersin.org/research-metrics-and-analytics/
http://www.frontiersin.org
http://www.frontiersin.org/research-metrics-and-analytics/archive

Vargas-Quesada et al.

Visualizing Graphene Research

The proposal by Leydesdorft and Rafols (2009) of creating
overlay maps can be seen as a powerful contribution integrating
visualization, intellectual structure, evolution, and benchmark-
ing, for any kind of scientific domain. Indeed, overlay maps soon
proved useful for research policy and library management (Rafols
etal., 2010), to build interactive overlays (Leydesdorft and Rafols,
2012), to map patent data (Leydesdorff and Bornman, 2012), to
gauge interdisciplinarity (Leydesdorff et al., 2013a,b), and to
appraise strategic intelligence in emerging technologies (Rotolo
etal., 2017).

In the wake of the above study embracing N&N, we chose to
focus our attention on the application of information visualiza-
tion techniques to the monolayer of sp?>-bonded carbon atoms
known as graphene, a topic attracting worldwide interest not only
because of its unique 2-D structure, fascinating properties, and
wide range of potential applications (Chen, 2013), but also due
to its intriguing intellectual structure and evolution, now ripe for
comparison.

OBJECTIVES AND RESEARCH
QUESTIONS

This study is intended to serve as a focal point, with the main
goal of testing a methodology that reveals at a glance the main
research lines involving graphene, based on scientific informa-
tion. The questions that became our guidelines for analysis were:

1. How vast and varied is graphene research output?

2. What is the intellectual structure of graphene research
worldwide?

3. Canoverlay maps be used to explore the evolution of graphene
research?

4. Can the intellectual and geographical domains of graphene
research be readily visualized, analyzed, and compared using
overlay and density maps?

Perhaps the greatest novelty of this contribution lies in the use
of overlay maps and fractional counting, which together allow
us to map the disciplinary network structure of a research field
in a way that helps identify terms which have a mediating effect,
linking different developmental stages in diverse geographic
domains. Our main aim is to offer the research community a
methodology and tools serving to visualize the intellectual struc-
ture of any scientific domain by means of a base map, the main
research lines, and the possibility of benchmarking these scien-
tific domains with others, or show their evolution using overlay
maps. These tools and this methodology can be extrapolated to
any area, discipline, or research field. Given the acute and rising
importance of graphene research, it appeared to be a topic of great
interest to validate our approach.

MATERIALS AND METHODS

The data set was obtained on June 5, 2017, from Scopus database.
Traditionally, the most commonly used databases for bib-
liometric studies have been those of the Web of Science (WoS).

However, the appearance on the market in 2004 of the Scopus
of Elsevier, also having a multidisciplinary scope and a greater
coverage of journals from diverse geographic regions (Moya-
Anegon et al., 2007a) made an alternative source of great value
for studies of the scientific output of countries, institutions, and
disciplines. Even with the unprecedented inclusion of journals
in both databases as a part of expansion in their coverage (Leta,
2011; Collazo-Reyes, 2014), Scopus offers a stronger coverage of
journals not exclusively written in English (22,800 as opposed
to the 18,000 of WoS), which provides for a more representative
geographical picture of Graphene research. Granted, WoS has
strong coverage which goes back to 1990 (Chadegani et al., 2013),
but this was not especially relevant for our objectives.

Moreover, bearing in mind the methodology behind this
work, currently WoS is more time-consuming than Scopus due
to the fact that it is no longer possible (since about a year ago) to
do searches in WoS with the field Keyword (Author Keywords
and Index Keywords), one of the premises emphasized here, as a
necessity to properly delimit the object of study. At present and in
order to execute a similar delimitation, ISTWoS “only” offers the
option of doing searches with the field “Topic,” which includes
searching the fields: Title, Abstract, Author Keywords, and Index
Keywords, yet with considerable documental noises in the results.

Thesearch strategy used to retrieve all the documents published
worldwide on graphene was very simple: [KEY (“single layer
graphit*”) OR KEY (graphene)] AND [EXCLUDE (PUBYEAR,
2016) OR EXCLUDE (PUBYEAR, 2017)].

To validate the proposed methodology of overlay maps, it is
necessary that the data used to generate the intellectual structure
(basemap) be as comprehensive as possible (use of Scopus) and
that they be complete so that the structure will remain invari-
able over time. This criterion allows for the map to be used as
a reference or object of comparison in future work by other
researchers, whether it be to analyze further geographic domains
not addressed in this study, or to analyze the implications of just
how the input (or output) of journals in the Scopus database is
effected and its updating policy in the representation of the dif-
ferent domains and research lines.

After downloading and analyzing the evolution over time of
the number of documents (Figure 1), we observed a decreased
growth rate in the two final years of study, as seen in the table
below. Deducing that the data were incomplete, we decided to
exclude the years 2016 and 2017 from this study. This table, along
with the data for the top 20 graphene-producing countries, can
be found below.

Keywords have as their main objective to provide rapid
access to scientific works (Soos et al., 2013). Author Keywords
provide the “author aboutness, that is, contents expressed
through terms in natural language, while Indexed Keywords
give the interpretation of contents (Stock and Stock, 2013). The
usefulness of this approach was confirmed by Zhang et al. (2016),
who hold that Author Keywords are highly effective in terms of
bibliometric analysis when investigating the knowledge structure
of scientific fields, and Indexed Keywords are very comprehen-
sive for representing an article’s content. Other authors argue
that keyword-based analyses might be biased, suggesting some
scientists could use certain keywords to seek increased visibility
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FIGURE 1 | Count and evolution of documents on graphene research in Scopus database.
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(Bonaccorsi, 2008). In our view, the combination of Author
Keywords and Indexed Keywords, eliminating duplications, is
the optimal approach, combining the robustness of both realms.

The expression “single layer graphite” has come to largely
replace the word graphene (Lv et al., 2011), for which reason we
decided to include it in our search equation. It was right-truncated
to include the singular and the plural. In our case, this inclusion
led us to obtain just one more document, however. It should
be stressed that such a truncation can be very problematic, as
graphen* leads to the retrieval of 386 documents containing the
German root “graphen”: for instance “graphs” in English, which
does not pertain to the context of study. Also excluded were the
data from 2016 to 2017, as we wished to be certain that the final
year of analysis, 2015, was fully registered in the database. No
restriction has been made based on the document type, language
of publication, country, or other such element. The search equa-
tion for the rest of the geographic domains of study was the same as
applied for the worldwide level, only delimited by the geographic
affiliation of the authors. Hence, for the United States [KEY
(“single layer graphit*”) OR KEY (graphene)] AND [EXCLUDE
(PUBYEAR, 2016) OR EXCLUDE (PUBYEAR, 2017)] AND
[LIMIT-TO(AFFILCOUNTRY, “UnitedStates”)].For China: [KEY
(“single layer graphit*”) OR KEY (graphene)] AND [EXCLUDE
(PUBYEAR, 2016) OR EXCLUDE (PUBYEAR, 2017)] AND
[LIMIT-TO (AFFILCOUNTRY, “China”)]. Finally, the European
Union (EU) was delimited by country, for each of the 28 mem-
ber states: [KEY (“single layer graphit*”) OR KEY (graphene)]
AND [AFFILCOUNTRY (austria) OR AFFILCOUNTRY (bel-
gium) OR AFFILCOUNTRY (bulgaria) OR AFFILCOUNTRY
(croatia) OR AFFILCOUNTRY (cyprus) OR AFFILCOUNTRY
(czech AND republic) OR AFFILCOUNTRY (denmark) OR
AFFILCOUNTRY (estonia) OR AFFILCOUNTRY (finland) OR
AFFILCOUNTRY (france) OR AFFILCOUNTRY (germany)
OR AFFILCOUNTRY (greece) OR AFFILCOUNTRY (hungary)
OR AFFILCOUNTRY (ireland) OR AFFILCOUNTRY (italy) OR
AFFILCOUNTRY (latvia) OR AFFILCOUNTRY (lithuania) OR
AFFILCOUNTRY (luxembourg) OR AFFILCOUNTRY (malta)
OR AFFILCOUNTRY (netherlands) OR AFFILCOUNTRY
(poland) OR AFFILCOUNTRY (portugal) OR AFFILCOUNTRY

(romania) ORAFFILCOUNTRY (slovakia) ORAFFILCOUNTRY
(slovenia) OR AFFILCOUNTRY (spain) OR AFFILCOUNTRY
(sweden) OR AFFILCOUNTRY (united AND kingdom)] AND
[EXCLUDE (PUBYEAR, 2016) OR EXCLUDE (PUBYEAR,
2017)].

Among the great variety of freely available computer programs
to perform a science mapping analysis, we looked into CiteSpace
(Chen, 2004, 2006), SciMAT (Cobo et al., 2012), and VOSviewer
(Van Eck and Waltman, 2010). The pros of the first two are the
facility of making evolutive or longitudinal studies, the support
of smart techniques to make it easier to analyze a research line
by automatically categorizing its research outputs/results into
different subjects, and to highlight the clusters with high impact
through citation counting. One particular advantage lies in the
scientific support tools to uncover and label the conceptual struc-
ture of a research line of interest. The pros of the third option
would be: the quality of the displays, the ease of working directly
with Scopus data (one of our research aims) without any loss of
information, together with the possibility of generating the over-
lay maps manually (another research objective), and the fact that
they could be processed and depicted easily with the software.
The proximity with our research objectives led us to select the
latter software alternative. It is a software tool for building and
depicting networks based on bibliometric data. It features a text
mining instrument that can be used to depict co-occurrence
networks of terms extracted from any part of scientific literature.
With our focus on the knowledge structure and main lines of
graphene research, we selected Author Keywords in conjunction
with Indexed Keywords as the unit of analysis; their co-occurrence
was, as we mentioned before, the unit of measurement. The most
popular methodologies for estimating co-occurrence are the full
counting (whole counting for others) and the fractional counting
(Aksnes et al., 2012). In the case of the full counting method, for
instance, when one keyword co-occurs with another five within a
single document, it would be assigned a full weight of one. Under
the fractional counting method, the co-occurrence is assigned
to each keyword with a fractional weight of 1/6. Thus, fractional
counting in the latter case divides the credit among co-authors
(countries, institutions, etc.), whereas fractional counting at the
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network level can normalize the relative weights of links and
thereby clarify the structures in the network.

One of the co-authors of this study is a graphene technologist,
who helped us confirm the relevance of terms used. After analyz-
ing and carefully studying the keywords in each cluster, detected
by full counting and by fractional counting, we concluded that
fractional counting gave more realistic results. That s, it better
reflected what is actually the subject of study, not just the field
covered by the Journal at hand, as would be the case with full
counting. A similar conclusion was drawn by Perianes-Rodriguez
etal. (2016) regarding other units of analysis.

For the generation of the basemap, where the intellectual
structure of the world of graphene would be depicted, we used a
threshold of co-occurrence of over three. According to previous
observations, a lower threshold produces distortion and infor-
mational noise, while a higher threshold gives rise to a loss of
information. We think it is best not alter the idea of keywords
as settled and picked by the authors or the automatic indexing
system. Yet as it is possible for two different keywords to be used
to define the same concept, their normalization is absolutely
necessary. Accordingly, duplicates are eliminated, plural and
singular forms are standardized to the form showing a higher
figure for occurrence in the database, empty words or words out
of context are deleted, abbreviations or acronyms are replaced by
the complete term whenever possible, followed by the acronym or
abbreviation between parenthesis, etc. In normalizing the terms,
an ad hoc thesaurus containing 25.603 equivalences was created,
which is available at: http://www.ugr.es/local/benjamin/frontiers/
thesauro.txt.

To produce the scientograms, parameters such as layout
attraction, layout repulsion, and clustering resolution were set to
the default values. Only the minimum cluster size parameter was
changed, here to 100. The overlay maps were built following the
same procedure, although—as their name suggests—they were
superimposed upon the basemap, and the words that did not
coincide were eliminated. In this way, the overlay map of every
domain or period provides its knowledge structure in the form
of its total keywords; the 22,000 plus keywords in the basemap
function, therefore, serve as a filter. Each circle represents a key-
word, and its size is proportionate to the number of times that it
occurs in the documents represented. The distance between two
particular circles would approximately indicate the level of co-
occurrence between two terms—the closer they are, the tighter
or stronger their conceptual relationship, etc. and vice versa. The
colors represent the clusters that were identified automatically, by
means of clustering techniques, based on the level of proximity
among terms (Waltman et al., 2010).

For complementary analyses, we also generated density maps,
as they prove very useful for more detailed or evolutive studies
of the intellectual structure put forth. In these maps, keywords
are indicated by their label. Each point in a scientogram has
a color that depends on the density of keywords at that point.
By default, the color is somewhere in between red and blue. The
greater the number of keywords in the neighborhood of a point,
and the higher the weights of the neighboring items, the more
reddish the color of the point. Conversely, a smaller number of
items around the point, with lower weights of the neighboring

items, would mean that the color of the point is closer to blue (Van
Eck and Waltman, 2016). Similarly, the intensity level in terms
of density, from less to more, is depicted by: blue, green, yellow,
and red.

All the maps produced in the framework of this study can be
visualized in high resolution by clicking on the link indicated in
each case. They may also be viewed using the online version of
VOSviewer. To this end, we give the link that allows the reader
to see the maps as well as the networks of each domain. Please
note that for very broad domains and periods, e.g., the whole
world, a computer with more than 8 GB of RAM is needed. If
one has only 1 or 2 GB, for instance, the second part of the link
referring to the network may simply be omitted. In other words,
http://www.vosviewer.com/vosviewer.php?map=http://www.
ugr.es/local/benjamin/frontiers/graphene-m.txt&label_size_
variation=0.3&zoom_level=1&scale=0.9 will take us to the maps
alone, without any problem owing to limited memory.

RESULTS AND DISCUSSION

The results are divided below into six sections, according to the
proposed research questions.

Graphene Research Output

Table 1 shows both the evolution of the scholarly production by
the top 20 countries publishing research on graphene of world-
wide as found in the Scopus database. In light of the results in
this table, the goals of this paper as well as the recent programs
and funding implemented by the European Commission to
support graphene research efforts (Graphene Flagship, 2013),
we believe that it may be of great interest both to researchers
and decision-makers alike to put together all European countries
so as to be able to compare the three world regions of highest
production—the United States, the EU, and China, leaving out
of the comparison the scholarly production by other countries
worldwide for future research.

The output of graphene research grows substantially, but not
steadily, from 1988 to 2015, as seen in Figure 1. There were 10
Scopus documents on graphene research in 1988, then zero in
later years, with a peak 0of 13,593 in 2015. In view of this evolution,
we divided output into three stages: Preliminary development
(1988-2003), Fast development (2004-2009), and Consolidated
development (2010-2015). That of Preliminary development is
an unstable period. The highest output per year is 21 documents
worldwide, and 10 in the case of the EU, both in the year 2002.
The United States reached its peak of output in 1995 with seven
documents. China published its very first document on graphene
in 1994, and it was not until 1999 that it managed to publish more
than one document per year.

Then the race began. In the period of Fast development, the
United States (in 2004) and Europe and China (in 2006) hit new
heights in scientific production. Europe and China apparently
benefit from encouraging scientific policy that also affects gra-
phene research. It shows exponential growth at the worldwide
level from 2004 (Lv et al., 2011) to 2005 (Wan and Pan, 2010),
demonstrating the great interest awakened among researchers
working with this material. Most surprising is the trend seen for
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TABLE 1 | Evolvement of scholarly production on graphene by the top 20 countries worldwide.

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
China 1 0 2 6 3 3 5 22 95 649 666 1,568 2,655 3,749 4,799 5,386 6,108 5,024
Growth rate -100 0 200 50 0 66.67 340.00 331.82 583.16 2.62 135.44 69.32  41.21 28.01 12.23 13.41 -17.75
United States 2 4 4 4 18 23 41 123 273 465 940 1,346 1,730 1,789 1,808 2,145 1,904 1,374
Growth rate 100 0 0 350 27.78 78.26 200 121.95 70.33 102.15 43.19 28,583  3.41 1.06 18.64 1124 -27.84
South Korea 0 0 0 0 2 2 1 7 31 60 209 485 677 889 1,087 1,282 1,117 806
Growth rate 0 =50 600 342.86  93.55 248.33 132.06 39.59 31.31 22.27 17.94 -12.87  -27.84
India 0 0 2 0 0 1 2 6 18 49 78 198 302 477 679 930 981 853
Growth rate 100 200 200 172.22 59.18 163.85 52,683 57.95 42.35 36.97 5.48 —-13.05
Japan 4 3 8 2 12 14 26 45 83 129 227 385 468 513 492 518 550 369
Growth rate =25 166.6 =75 500 16.67 85.71 73.08 84.44  55.42 75.97 69.60 2156  9.62 —-4.09 5.28 6.18 -32.91
Germany 0 0 3 1 2 3 " 27 64 98 169 259 320 427 440 495 449 303
Growth rate -66.67 100 50 266.67 145.45 137.04 53.13 72.45 53.25 23.65 33.44 3.04 12.50 -9.29 -32.52
Iran 1 2 3 4 9 16 50 86 128 230 389 536 802 703
Growth rate 50 33.33 125 77.78 212.50 72 48.84  79.69 69.13 37.79 49.63 -12.34
United Kingdom 0 0 4 0 1 4 7 21 52 70 120 206 277 323 392 506 510 363
Growth rate 75 200 147.62 34.62 71.43 71.67 34.47  16.61 21.36 29.08 0.79 —28.82
Singapore 2 1 2 6 27 38 145 233 330 336 322 361 287 159
Growth rate 100 200 350 40.74 281.58 60.69 4163 1.82 -4.17 12.11 -20.50 -44.60
Italy 2 1 2 3 10 20 45 91 123 191 227 208 377 390 285
Growth rate -50 50 233.33  100.00 125 102.22 35.16 56.28 18.85 31.28 26.51 3.45 —26.92
Spain 1 2 3 6 1A 30 46 73 129 208 221 253 325 351 263
Growth rate 50 100 83.33 172.73  53.33 58.70 76.71 61.24  6.25 14.48 28.46 8.00 -25.07
Australia 6 10 19 29 48 118 167 229 296 381 356 257
Growth rate 66.67 90.00  52.63 65.52 145.83 4158 37.13 29.26 28.72 —6.56 —27.81
France 1 2 1 5 4 11 13 36 63 128 139 209 221 249 293 298 207
Growth rate 100 =50 400 175 18.18 176.92  75.00 103.17 8.59 50.36 5.74 12.67 17.67 1.71 -30.54
Taiwan 1 2 1 5 16 27 62 122 214 247 331 316 306 225
Growth rate -50 400 220 68.75  129.63 96.77 75.41  15.42 34.01 —4.58 -3.16 —26.47
Russian Federation 1 2 1 1 3 3 9 15 29 63 106 154 187 221 269 301 203
Growth rate -100 =50 0 0 200 66.67 93.33 117.24 68.25 45.28 21.43 18.18 21.72 11.90 -32.56
Canada 2 1 1 4 12 21 28 41 86 118 143 189 242 236 155
Growth rate -50 0 300 200 75 33.33 46.43 109.76 37.21 2119 32.17 28.04 —2.48 -34.32
Hong Kong 1 1 1 1 1 3 18 23 62 124 165 190 223 192 142
Growth rate 0 0 0 200 500 27.78 169.57 100.00  25.00 22.58 1737 -13.90 -26.04
Malaysia 150 —94 510 -41 —75 -10 -23 -180 87
Growth rate -162.96 -640.46 —-108.04 82.81 -87.10 138.562 679.97 —148.51
Brazil 1 2 1 3 5 10 18 39 42 61 95 132 158 181 145
Growth rate 200 66.67 100 80 116.67 7.69 45.24  55.74 38.95 19.70 14.56 -19.89
Sweden 1 1 2 2 2 8 12 31 64 114 111 113 130 165 117
Growth rate -100 0 0 300 50 168.33 106.45 7813 -2.63 1.80 156.04 26.92 —29.09
Poland 2 2 4 6 15 17 30 53 92 112 173 159 144
Growth rate 0 100 50 150 13.83 76.47 76.67  73.58 21.74 54.46 -8.09 -9.43
World 7 9 21 19 42 58 124 311 756 1,293 2,800 4,907 7,277 9,211 11,248 13,693 11,371 8,702
Growth rate 28.57 133.33 -9.562 121.056 38.10 113.79 150.81  143.09 71.03 116.55 75.25 48.30 26.58  22.11 20.85 -16.36  -23.47
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China from 2006 onward. Indeed, in the stage of Consolidated
development, China surpasses Europe (in 2010) and the United
States (in 2011), and eventually becomes the major player in the
realm of graphene research (Gao et al., 2014), covering nearly
all the related areas: theory, synthesis, physical and chemical
properties, and applications (Chen, 2013). Also noteworthy is
the relative shift in positions between the United States and the
EU, although after 2014 Europe seems to have secured second
place, most likely reflecting governmental support for graphene
research (partly driven by the one billion euros Graphene Flagship
Project funded by the European Commission and established in
2013). More than 600 projects in the field of graphene and related
materials have been initiated in Europe since 2009, with total
investment of some 290 million euros. The annual funding level
was 49 million €/year in 2014 (Ciubotaru and Helman, 2015), and
about 340 projects were still underway in 2015.

We may tentatively affirm, at the point in time when this paper
was written, that the annual yield in graphene publications still
displays exponential growth. Even though the years 2016 and
2017 were not included in the study, the trend established in 2010
largely continues, with China leading in output, and the EU just
ahead of the United States in total number of documents.

World Intellectual Structure of Graphene

Research (1988-2015)

Figure A of Table 2 displays the knowledge structure underlying
graphene research for the period 1988-2015. At the world level,
the network contains 22,802 circles or nodes, gathered in the
51,730 documents retrieved from Scopus database.

The network that represents the knowledge structure is a com-
pact one. It has 359,953 links and a density of 0.01385. We were
surprised by the uniform size of the clusters. The decline in the
number of keywords from the first cluster to the last is steady and

almost stepwise. This may have to do with the fractional counting
used in the calculation of keyword co-occurrences, which could
have played a favorable role in this aspect of analysis.

Given the characteristics of scientograms and the methodol-
ogy behind their construction, when analyzing the knowledge
structure, the number of documents contained in a map is indi-
cative of the attention that a domain pays to graphene research,
and the number of keywords within each cluster reflects the
degree of diversity or specialization. Table 3 shows the equiva-
lence between the number of each cluster and its color. It also
gives the 10 keywords appearing most frequently, and the total
number contained in each cluster.

In the light of previous experience involving keyword fre-
quency and links (Zulueta et al., 2011; Cantos-Mateos et al., 2012,
2014; Mufioz-Ecija et al., 2017), we tagged each cluster, obtaining
what would be the seven lines of research that support the knowl-
edge structure of graphene research worldwide: Fundamental
Research, Functionalization and Biomedical Applications,
Technology and Devices, Materials Science, Energy Storage,
Optics, and Chemical Properties and Sensors. According to the
clustering algorithm used, the order of the clusters or research
lines is determined by their number of keywords. The greater the
number of keywords, the higher their position in the hierarchy. If
we transfer this structure to other domains, we see that the order
changes, thus making manifest which lines of research attract
more attention in one domain or another. A comparative look at
the scientograms and descriptors of the Complete period and of
the Consolidated development period, show them to be practi-
cally the same. Again, 94.8% of the world’s graphene research
took place within the latter time period, and this goes for all the
domains.

Regarding the cluster order, it is worth mentioning that
clusters 1, 3, and 4 are related to traditional, general fields linked

TABLE 2 | World intellectual structure of graphene research and its evolution.

a1988-2015 Complete period
51,730 docs/22,802 keywords

£1988-2003 Preliminary development
110 docs/77 keywords

€2004-2009 Fast development
2,584 docs/2,117 keywords

42010-2015 Consolidated development
49,036 docs/22,036 keywords

“Available in high resolution at: http://www.ugr.es/local/benjamin/frontiers/figure2A.png. Available online map and network at: http.//www.vosviewer.com/vosviewer.php?map=http://
www.ugr.es/local/benjamin/frontiers/graphene-m.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=nhttp.//www.ugr.es/local/benjamin/frontiers/graphene-n.txt&n_

lines=10000.

“Available in high resolution at: http://www.ugr.es/local/benjamin/frontiers/figure2B.png. Available online map and network at: http://www.vosviewer.com/vosviewer.php?map=http://
www.ugr.es/local/benjamin/frontiers/w-overlay-88-03.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http.//www.ugr.es/local/benjamin/frontiers/w-88-03-n.

txt&n_lines=100.

“Available in high resolution at: http.//www.ugr.es/local/benjamin/frontiers/figure2C.png. Available online map and network at: http.//www.vosviewer.com/vosviewer.php?map=http.//
www.ugr.es/local/benjamin/frontiers/w-overlay-04-09.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http.//www.ugr.es/local/benjamin/frontiers/w-04-09-n.

txt&n_lines=1000.

YAvailable in high resolution at: http.//www.ugr.es/local/benjamin/frontiers/figure2D.png. Available online map and network at: http.//www.vosviewer.com/vosviewer.php?map=http.//
www.ugr.es/local/benjamin/frontiers/w-overlay-10-15.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http.//www.ugr.es/local/benjamin/frontiers/w-10-15-n.

txt&n_lines=10000.
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TABLE 3 | Research lines of graphene and descriptors.

Cluster 1: red

Cluster 2: green

Cluster 3: dark blue

Cluster 4: yellow

Cluster 5: pink

Cluster 6: bright turquoise

Cluster 7: pacific blue

Fundamental Score Functionalization Score Technology and Score Materials Science Score Energy storage Score Optics Score Chemical Score
research and biomedical devices properties and
applications sensors
Graphene 44,983 Graphite 7,820 Carbon nanotubes 2,623 Nanocomposite 4,786 Reduced graphene 4,160 Plasmons 867 Adsorption 2,366
oxide
Graphene sheet 2,991  Graphene oxide 6,979 Chemical vapor 2,342  Scanning electron 3,796 Transmission 3,941 Optical property 746  Silver 961
deposition microscopy electron microscopy
Nanostructure 2,817 Chemistry 3,403 Raman spectroscopy 1,974  Electric conductivity 1,867 Electrode 3,897 Optoelectronic 471 Photocatalysis 925
device
Graphene 2,218 Carbon 3,076  Atomic force 1,907 Mechanical property 1,734  Nanoparticle 3,787 Photons 443  Titanium dioxide 920
nanoribbons microscopy
Density functional 1,998  Priority journal 1,875  Nanotechnology 1,852  Functionalized 1,658 X-ray diffraction 3,262 Saturable absorbers 429  Temperature 850
theory
Graphene layer 1,756  Nanomaterial 1,734  Field effect transistor 1,599  Electrical conductivity 1,510 X-ray photoelectron 2,521  Surface plasmon 400 Photocatalytic 671
spectroscopy resonance activity
Monolayer 1,755 Oxide 1,640 Substrate 1,432  Polymer 1,396 Nanosheet 2,069 Light absorption 366 Aromatic 631
compound
Nanoribbons 1,683 Surface property 1,621  Silicon carbide 1,290 Dispersion 1,369 Lithium ion battery 1,668 Photoluminescence 365 Light 614
Electronic property 1,680 Unclassified drug 1,417 Room temperature 1,223  Fourier transform 1,337  Synthesis (chemical) 1,627 Absorption 353 Photocatalyst 545
infrared spectroscopy
Molecular dynamic 1,627 Nanostructured 1,317  Electric property 1,183 Composite material 1,304  Electrochemical 1,580 Tera hertz 338 lIrradiation 510
material performance
Total of keywords 5,715 Total of keywords 4,181 Total of keywords 4,060 Total of keywords 3,096 Total of keywords 2,619 Total of keywords 1,772  Total of keywords 1,459
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with fundamental physical and chemical properties, but also
with manufacturing procedures that may be applied to emerging
materials, as is the case of graphene. In contrast, the second clus-
ter corresponds to a much more applied field, related to keywords
reflecting the application of graphene in the biomedical field.
Clusters 5-7 are relatively specific fields, particularly number 6
(Energy Storage) which has been identified by the scientific com-
munity as a priority challenge for future technological develop-
ment (Raccichini et al., 2015).

Evolution of Graphene Research
in the World

Given the temporal division of output into three separate stages,
the knowledge structure of graphene can be studied from an
evolutionary standpoint.

Figure B in Table 2 represents Preliminary development
(1988-2003), according to the overlay map of that period. Use
of the link to visualize the graphics in high resolution—whether
the overlay map or the online version of VOSviewer—lends the
viewer the advantage of grasping the trend of each stage sepa-
rately, with no need to focus on details.

The scientogram of this period comprises 110 documents, rep-
resented by 77 keywords in the overlay map. As seen in Table 4,
out of the seven research lines identified in the basemap of the
general knowledge structure, in this period “only” the first five are
detected: Fundamental Research with 32, Functionalization and
Biomedical Applications with 12, Technology and Devices with 5,
Materials Science with 11, and Energy Storage with 17 keywords.
We emphasize “only” because in the period of Preliminary devel-
opment, five of the seven lines of research were detected, but just
with minimal representation. Obviously, the size of the circles or
notes in this period is much smaller than the others, since they
are proportional to the number of times each keyword appears
in each period.

As depicted in Figure C of Table 2, the Fast development
period (2004-2009) reflects a structure conforming just 9.2%
(2,104 descriptors) of the knowledge structure of the full period
of study, but we find certain indications of the organization that
is soon to come. The circles or notes of this scientogram are
larger than those of the previous period—see, for instance, gra-
phene (red) or graphite (green). This tells us that the number of
documents containing these keywords is proportionally greater
than the rest of the documents. At a glance, researchers reveal
their topics of interest and the dedication to specific aspects of
graphene, evidenced by repeated use of the same keywords. The
colors direct us to the same inferences: the greater the number of
keywords of a certain color, the more research underway along
that line. Furthermore, the greater the degree of overlap or blend-
ing of colors, the greater the sharing of knowledge among the
respective research lines.

Let us recall that the proximity of keywords is a sign of linkage
or interrelation. The keywords of this period, as opposed to the
previous one, are similar if we look at the first three positions
in the top two research areas: Fundamental Research (red) and
Functionalization and Biomedical Applications (green). Lines
3-5—Technology and Devices (blue), Materials Science (yellow),

and Energy Storage (pink)—coincide in just one keyword. The
last two, Optics (bright turquoise) and Chemical Properties
(pacific blue), are of recent appearance on the scene. They did
not exist in the period before this one, and, respectively, consist
of 87 and 59 keywords. The fact that an ample group of keywords
integrate them suggests that their structure is stable. Yet infor-
mation from the following period shows this to be otherwise. It
may well be that during this intermediate stage, works related
to optical and chemical properties were included in cluster 1
(Fundamental Research), or even in cluster 2 (Functionalization
and Biomedical Applications), the latter especially tied to
Chemical Properties and Sensors. Later, during the Consolidated
development period, these works were split from clusters 1 and
2, gaining the critical mass necessary to constitute stable clusters
of their own.

Finally, and most importantly, Figure D of Table 2 outlines
the knowledge structure of graphene research during the period
of Consolidated development (2010-2015). Actually, its distri-
bution tells the tale of the knowledge structure of graphene struc-
ture overall, for the whole period of study. It contains 96.84%
(22,035) of all the keywords of reference for the entire 27-year
period. As we saw in the preceding scientogram, the size of the
circles indicates concrete aspects under the magnifying glass of
researchers, the colors indicate research lines, and overlapping
means interaction.

Here we see that the (red) circle of graphene is smaller in
this period than in one the immediately before it, because the
proportional output is lower; yet it is larger than in the general
scientogram for the exact opposite reason. The research lines
of this period are better defined, and they practically coincide
with the picture of the complete study period. Likewise, overlap
indicates that this period marks the true advances in graphene
research. The beginning of the stage coincides with the concession
of the Nobel Prize to Andre Geim and Konstantin Novoselov for
their great achievement of physically isolating graphene. A quick
comparison of the keywords within the different research lines of
this period, with respect to the previous one, shows that contents
in Fundamental Research, Functionalization and Biomedical
Applications, Technology and Devices, and Materials Science
are similar in the two. Yet there is a remarkable difference in the
order of their keywords, that is, the frequency of appearance.
Within each separate line of research distinctive priorities can be
deduced/spotted. The inference is that these lines have become
consolidated in the meantime. The lines Energy Storage (pink),
Optical (bright turquoise), and Chemical Properties (pacific
blue) have evolved substantially in size and contents, and have
only one keyword in common with the previous stage in the cases
of Energy Storage and Optics, whereas two are shared in the case
of Chemical Properties and Sensors. Such observations can be
interpreted as cornerstones of scientific evolution and develop-
ment within these lines.

It is clear that the interest of graphene as an applied material is
overwhelmingly fostered in this period, particularly for biomedi-
cal applications, materials science, and the energy storage field. In
turn, the Fundamental Research directed toward understanding
its properties and the technology involving fabrication proce-
dures has stabilized.
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TABLE 4 | Longitudinal study of the research lines and most frequent keywords in the world.

Cluster 1: red Cluster 2: green Cluster 3: dark blue Cluster 4: yellow Cluster 5: pink Cluster 6: Cluster 7:
bright turquoise pacific blue
Fundamental Score Functionalization Score Technology and Score Materials Science Score Energy storage Score Optics Score Chemical Score
research and biomedical devices Preliminary properties and
applications development sensors
Graphene 40 Graphite 47 Carbon nanotubes 22 Intercalation compound 15 Transmission 14
electron microscopy
Graphene sheet 27 Carbon 31 Raman spectroscopy 7 Nanotubes 15 Synthesis (chemical) 8
Graphene layer 17 Nanostructured 19 Chemical vapor 6 Carbon fiber 9 X-ray diffraction 8
material deposition
Fullerenes 15 Electrochemistry 7 Graphitization 6 Nanofiber 8 Heat treatment 7
Mathematical model 12 Unclassified drug 7 Carbon film 4 Scanning electron 8 Pyrolysis 7
microscopy
Total of keywords 32 Total of keywords 12  Total of keywords 5 Total of keywords Fast 11 Total of keywords 17
development
Graphene 2,152 Graphite 1,283 Carbon nanotubes 422  Electric conductivity 147  Transmission 135 Optical property 47 Adsorption 140
electron microscopy
Graphene sheet 412  Carbon 321 Nanotechnology 198 Nanotubes 130 Nanoparticle 88 Absorption 33 Crystal structure 41
Graphene layer 279 Nanostructured 182 Silicon carbide 152 Nanocomposite 110  Oxygen 85 Polarization 25 Semiconductor 31
material material
Nanostructure 244 Chemistry 169 Field effect transistor 145 Scanning electron 81 Synthesis (chemical) 76 Microscopic 24 Temperature 29
microscopy examination
Graphene 230 Surface property 129 Raman spectroscopy 141 Functionalized 78 Electrode 65 Diffraction 22 Aromatic 28
nanoribbons compound
Total of keywords 925 Total of keywords 209 Total of keywords 409 Total of keywords 222 Total of keywords 193 Total of 87 Total of 59
Consolidate keywords keywords
development
Graphene 43,195 Graphene oxide 6,970 Chemical vapor 2,284 Nanocomposite 4,686 Reduced graphene 4,162 Plasmons 852 Adsorption 2,254
deposition oxide
Graphene sheet 2,654 Graphite 6,750 Carbon nanotubes 2,220 Scanning electron 3,734  Transmission 3,850 Optical property 703  Silver 951
microscopy electron microscopy
Nanostructure 2,618 Chemistry 3,260 Raman spectroscopy 1,853 Electric conductivity 1,754  Electrode 3,840 Optoelectronic 454 Photocatalysis 922
device
Graphene 2,005 Carbon 2,864 Atomic force 1,816 Mechanical property 1,668 Nanoparticle 3,709 Photons 429 Titanium dioxide 911
nanoribbons microscopy
Density functional 1,843 Priority journal 1,746  Nanotechnology 1,694  Functionalized 1,481 X-ray diffraction 3,226 Saturable 425 Temperature 828
theory absorbers
Total of keywords 7,421 Total of keywords 4,043 Total of keywords 3,109 Total of keywords 1,529 Total of keywords 1,336 Total of keywords 1,305 Total of 1,284
keywords
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Intellectual Structure of Graphene
Research in the United States, Europe

and China, and Its Evolution
Approaching this objective called for designing a table for
each geographic domain, in order to show the evolution of the
scientograms from one period to the next, as well as the main
lines of research reflected by the most-used keywords and the
total number of each: Tables 5-7. We also generated a compact
visualization of density maps (Table 8) as a way to describe and
sum up the evolution of each domain at a quick glance, which
further facilitates comparison. In this sense, the density maps can
be used as a fast visualization tool to identify the clustering of
the main keywords. As examples, in the Consolidated develop-
ment period, one can easily see that a relatively broad term like
“graphene oxide” (a graphene counterpart with growing inter-
est) is closer to keywords related to energy storage (capacitor,
electrochemical performance, and lithium) and to biomedical
applications (biosensing technique, gold nanoparticle, DNA, etc.)
than to keywords related to fundamental research. In contrast,
the keyword “field effect transistor” (which may be attributed to
a broadly applied field) is closely related with keywords pointing
to fundamental research: hot carriers, cutoff frequency, transport
problem, etc. Under the scope of the experts in the subject, one
can see for instance what kind of production techniques are
dominating the technology (chemical vapor deposition), or
what physical characterization techniques are the most applied
when dealing with the energy storage applications (transmission
electron microscopy and X-ray diffraction).

Again, all the maps are available online in high resolution,
and can be visualized using the online version of VOSviewer, by
simply clicking on the option “Density visualization.”

United States
The United States is found to contribute 20.87% toward world
output in graphene research as far as the number of documents
is concerned, and 33.31% in terms of diversity, in view of the
number of keywords, over the complete study period (Table 5).

Analysis of the full time period reveals that the United
States investigates and divulges results along all the research
lines, though the greatest yield corresponds to Fundamental
Research and Technology and Devices. Somewhat behind lie
Functionalization and Biomedical Applications. The other
lines follow the world trend or the European pattern, in that
Preliminary development is scarcely productive. It entails four
basic areas: Fundamental Research, Functionalization and
Biomedical Applications, Technology and Devices, and Materials
Science. Within Fundamental Research, one can clearly discern
a subset of keywords associated with the development of tools
for the numerical simulation of graphene (electrical density of
state, calculation, etc.). The Fast development stage covers all
the lines, but especially the first and third mentioned above. The
Consolidated development period comes to reaffirm and root the
new lines emerging in the period just before.

In this Consolidated period, the keywords related to the
Materials Science cluster evoke the structural and electrical charac-
terization intrinsic to Fundamental Research (cluster 1) in the field

of Materials Science. China and Europe are the main actors on this
stage, and can therefore be considered the driving forces behind
the clusters that grow since the Fast development period (Table 8).

Europe

Europe contributes 18.75% to world output in graphene research.
This figure is slightly less (2.12%) than the United States harvest
and 19.16% less than Chinas contribution of scientific docu-
ments. The number of keywords points to a research diversity
amounting to 28.74% of the full yield for the period of study
(Table 6).

Europe exhibits a behavior similar to that of the United
States. In the period of study overall, the focus is seen to be on
Fundamental Research and Technology and Devices, and to a
lesser extent, on Functionalization and Biomedical Applications.
Like that of the United States, Europe’s Preliminary development
stems from basic research, though it is more productive than the
United States in Energy Storage. In the period of Fast development
itis active in all research lines, like the United States. However, the
number of keywords per research line is lower in all cases, thereby
indicating greater specialization or lesser diversity in general. The
period of Consolidated development confirms this trend, and all
the lines lightly traced before are now established in bold.

Europe could be considered the cradle of graphene. Its labora-
tories and universities harbored the earliest and most fundamen-
tal research, but science is a phenomenon of ramification, sooner
or later. Unlike China (though similarly to the United States),
Europe invested much effort in developing production/elabora-
tion techniques for the raw material, introducing synthesis, and
manufacturing procedures (Bhuyan et al., 2016) (see cluster 3,
Technology and Devices). Once the production had been con-
trolled, during the Fast and Consolidated developmental periods,
efforts could be devoted to more applied subject areas (mainly
clusters 2, 4, 5, and 7).

China

China’s contribution comes to 37.91% of the worldwide output in
graphene research documents, and they represent 33.30% of the
field’s diversity, according to the number of keywords (Table 7).

Its scientogram bears a strong resemblance to the world
picture, as well as the maps of the United States and EU; but a
closer look at the lines of research tells a slightly different story.
Over the entire study period, the line Functionalization and
Biomedical Applications attracts much more attention (diversity
of keywords) in China than in the United States and the EU. Yet
in two prioritary research lines in other domains, Fundamental
Research and Technology and Devices, China works with the
same intensity as the United States and the EU. Deserving men-
tion here are the high number and diversity of keywords found
in conjunction with China and Energy Storage. To a somewhat
lesser degree, the same is true of Optics and Chemical Properties
and Sensors, far better developed in China than in the west.

In general, research within the Preliminary development
period is very basic, and hardly existent in China. But this trend
was fully overturned between 1999, when its yearly output in
graphene documents finally surpassed value 1, and 2006, when
production took flight. It is the only country (albeit with a single
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TABLE 5 | Intellectual structure of graphene research and its evolution in the United States.

Cluster 1: red

Cluster 2: green

Cluster 3: dark blue

Cluster 4: yellow

Cluster 5: pink

Cluster 6: bright

Cluster 7: pacific

turquoise blue
Fundamental Score Functionalization Score Technology Score Materials Science Score Energy storage Score Optics Score Chemical Score
research and biomedical and devices properties
applications and sensors
21988-2015 10,795 Complete period
docs/7,595 keywords
Graphene 9,810 Graphite 2,168 Carbon nanotubes 748 Nanocomposite 594  Electrode 624  Plasmons 288  Adsorption 366
Nanostructure 777 Chemistry 974 Nanotechnology 719  Electric conductivity ~ 483  Nanoparticle 545  Optical property 168  Temperature 202
Graphene sheet 696 Graphene oxide 845 Chemical vapor 669 Scanning electron 465  Transmission electron 533  Optoelectronic 143  Silver 132
deposition microscopy microscopy device
Graphene 654 Carbon 787 Field effect transistor 649  Functionalized 358  Reduced graphene 408  Photons 135  Crystal 117
nanoribbons oxide structure
Molecular dynamic 550 Nanomaterial 559 Raman spectroscopy 466 Mechanical property 351 X-ray photoelectron 332  Terahertz 130  Light 110
spectroscopy
Total of keywords 2,076 Total of keywords 1,162 Total of keywords 1,770 Total of keywords 895  Total of keywords 811  Total of keywords 573  Total of 299
keywords
©1988-2003 29 Preliminary
docs/15 keywords development
Graphene 11 Graphite 15 Carbon nanotubes 8 Carbon fiber 4
Fullerenes 7 Carbon 12 Nanofiber 4
Graphene sheet 7 Nanostructured 8 Nanotubes 4
material
Calculation 5
Chemical bond 4
Total of keywords 8 Total of keywords 3 Total of keywords 1 Total of keywords 3
°2004-2009 1,037 Fast development
docs/857 keywords
Graphene 789  Graphite 491  Carbon nanotubes 137  Electric conductivity 61 Transmission electron 39  Optical property 13 Adsorption 36
microscopy
Graphene sheet 153 Carbon 123 Nanotechnology 94 Nanocomposite 42 Oxygen 36 Plasmons 9  Aromatic 10
compound
Nanostructure 91  Chemistry 79 Field effect transistor 81 Crystallization 40  Nanoparticle 26 Ultra-fast 9  Artificial 8
membrane
Graphene layer 89 Priority journal 74 Silicon carbide 72 Mechanical property 39  Oxidation 24 Absorption 8  Chemical 4
property
Graphene 89 Nanostructured 71 Room temperature 59 Nanotubes 39  X-ray photoelectron 23 Electron optic 8 Crystal 12
nanoribbons material spectroscopy structure
Total of keywords 362 Total of keywords 90 Total of keywords 198 Total of keywords 86  Total of keywords 61  Total of keywords 35  Total of 24
keywords
(Continued)
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TABLE 5 | Continued

Cluster 1: red

Cluster 2: green

Cluster 3: dark blue

Cluster 4: yellow

Cluster 5: pink

Cluster 6: bright

Cluster 7: pacific

turquoise blue
Fundamental Score Functionalization Score Technology Score Materials Science Score Energy storage Score Optics Score Chemical Score
research and biomedical and devices properties
applications and sensors
92010-2015 9,729 Consolidate development
docs/7,037 keywords
Graphene 9,009 Graphite 1,661  Chemical vapor 644 Nanocomposite 552 Electrode 600  Plasmons 279  Adsorption 328
deposition
Nanostructure 684 Chemistry 895 Nanotechnology 625 Scanning electron 434 Nanoparticle 519  Optical property 144 Temperature 186
microscopy
Graphene 565 Graphene oxide 827 Carbon nanotubes 603 Electric conductivity 421 Transmission electron 491 Optoelectronic 137  Silver 127
nanoribbons microscopy device
Graphene sheet 536 Carbon 652 Field effect transistor 568 Functionalized 327  Reduced graphene 408  Photons 129  Crystal 105
oxide structure
Molecular dynamic 498 Nanomaterial 502 Raman spectroscopy 413 Thermal conductivity 321  X-ray photoelectron 309 Terahertz 125  Titanium 108
spectroscopy dioxide
Total of keywords 1,827 Total of keywords 1,123 Total of keywords 1,647 Total of keywords 835  Total of keywords 782  Total of keywords 545  Total of 277
keywords

aAvailable in high resolution at: http://www.ugr.es/local/benjamin/frontiers/figure5A.png. Available online map and network at: http.//www.vosviewer.com/vosviewer.php ?map=http://www.ugr.es/local/benjamin/frontiers/u-overlay-88-15.
txt&label_size_variation=0.38&zoom_level=1&scale=0.9&network=http.//www.ugr.es/local/benjamin/frontiers/u-88-15-n.txt&n_lines=10000.
bAvailable in high resolution at: http://www.ugr.es/local/benjamin/frontiers/figure2B.png. Available online map and network at: http://www.vosviewer.com/vosviewer.php?map=nhttp.//www.ugr.es/local/benjamin/frontiers/u-
overlay-88-03.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http.//www.ugr.es/local/benjamin/frontiers/u-88-03-n.txt&n_lines=100.
cAvailable in high resolution at: http://www.ugr.es/local/benjamin/frontiers/figure2C.png. Available online map and network at: http://www.vosviewer.com/vosviewer.php?map=nhttp.//www.ugr.es/local/benjamin/frontiers/u-
overlay-04-09.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http.//www.ugr.es/local/benjamin/frontiers/u-04-09-n.txt&n_lines=1000.
9Available in high resolution at: http://www.ugr.es/local/benjamin/frontiers/figure2D.png. Available online map and network at: http://www.vosviewer.com/vosviewer.php ?map=http.//www.ugr.es/local/benjamin/frontiers/u-
overlay-10-15.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http.//www.ugr.es/local/benjamin/frontiers/u-10-15-n.txt&n_lines=10000.
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http://www.vosviewer.com/vosviewer.php?map=http://www.ugr.es/local/benjamin/frontiers/u-overlay-88-03.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http://www.ugr.es/local/benjamin/frontiers/u-88-03-n.txt&n_lines=100
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TABLE 6 | Intellectual structure of graphene research and its evolution in Europe (EU).

Cluster 1: red Cluster 2: green Cluster 3: dark blue Cluster 4: yellow Cluster 5: pink Cluster 6: bright Cluster 7:
turquoise pacific Blue
Fundamental Score Functionalization Score Technology Score Materials Science Score Energy storage Score Optics Score Chemical Score
research and biomedical and devices properties
applications and sensors
21988-2015 9,700 Complete period
docs/6,553 keywords
Graphene 8,834 Graphite 1,733 Carbon nanotubes 591 Nanocomposite 536 Transmission electron 535  Plasmons 262 Adsorption 336
microscopy
Nanostructure 580 Graphene oxide 743 Silicon carbide 548 Scanning electron 391 Nanoparticle 443  Optical property 168 Temperature 176
microscopy
Graphene layer 548 Carbon 677 Chemical vapor 503 Dispersion 319 Electrode 390 Photons 123  Silver 106
deposition
Graphene sheet 540 Chemistry 659 Raman spectroscopy 463  Electric conductivity 318 Reduced graphene 384  Saturable absorbers 95 Irradiation 103
oxide
Monolayer 494 Nanomaterial 369 Nanotechnology 446 Functionalized 303 X-ray photoelectron 375 Surface plasmon 87  Crystal structure 97
spectroscopy resonance
Total of keywords 2,142 Total of keywords 919 Total of keywords 1,334 Total of keywords 783  Total of keywords 811 Total of keywords 520 Total of keywords 240
©1988-2003 40 Preliminary
docs/20 keywords development
Graphene 20 Graphite 22 Carbon nanotubes 6 Intercalation compound 7 Transmission electron 7
microscopy
Graphene layer 9 Carbon 11 Graphitization 4 Graphite intercalated 4 Catalyst 4
= compound
- Fullerenes 5 Nanostructured 9 Nanofiber 4 Pyrolysis 4
material
Mathematical 5 Organic compound 4 Nanotubes 4
model
Chemical bond 4 Unclassified drug 4
Total of keywords 6 Total of keywords 5 Total of keywords 2 Total of keywords 4 Total of keywords 3
°2004-2009 729 Fast development
docs/660 keywords
Graphene 664 Graphite 375 Carbon nanotubes 119 Electric conductivity 40 Transmission electron 38  Optical property 16 Adsorption 45
microscopy
Graphene sheet 110 Carbon 96 Silicon carbide 66 Nanotubes 38 Oxygen 27  Microscopic 10  Crystal structure 17
examination
Graphene layer 99 Chemistry 48 Nanotechnology 50 Crystallization 23  Synthesis (chemical) 25  Polarization 10  Aromatic 14
compound
Nanostructure 64 Nanostructured 46 Semiconducting 40 Nanocomposite 22 Doping (additives) 23 Absorption 8  Semiconductor 10
material silicon compound material
(Continued)
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TABLE 6 | Continued

Cluster 1: red Cluster 2: green Cluster 3: dark blue Cluster 4: yellow Cluster 5: pink Cluster 6: bright Cluster 7:
turquoise pacific Blue
Fundamental Score Functionalization Score Technology Score Materials Science Score Energy storage Score Optics Score Chemical Score
research and biomedical and devices properties
applications and sensors
Electronic 62 Surface property 36 Raman spectroscopy 38 Scanning electron 22 Nanoparticle 22 Absorption 8 Temperature 8
structure microscopy spectroscopy
Total of keywords 324 Total of keywords 71 Total of keywords 131 Total of keywords 52 Total of keywords 47 Total of keywords 21 Total of keywords 14
92010-2015 8,931 Consolidate development
docs/6,039 keywords
Graphene 8,060 Graphite 1,323 Chemical vapor 482 Nanocomposite 511 Transmission electron 487  Plasmons 257  Adsorption 287
deposition microscopy
_ Nanostructure 514 Graphene oxide 735 Silicon carbide 476 Scanning electron 365 Nanoparticle 419  Optical property 151 Temperature 168
microscopy
Graphene layer 432 Chemistry 605 Carbon nanotubes 455 Dispersion 299 Reduced graphene 384  Photons 115 Silver 101
oxide

Monolayer 430 Carbon 570 Raman spectroscopy 421 Functionalized 278  Electrode 374  Saturable absorbers 93 lIrradiation 94
Density functional 427 Nanomaterial 338 Nanotechnology 395 Electric conductivity 276  X-ray photoelectron 351  Surface plasmon 87  Titanium dioxide 91
theory spectroscopy resonance
Total of keywords 1,888 Total of keywords 889 Total of keywords 1,225 Total of keywords 742  Total of keywords 581 Total of keywords 488 Total of keywords 226

2Available in high resolution at: http://www.ugr.es/local/benjamin/frontiers/figure6A.png. Available online map and network at: http.//www.vosviewer.com/vosviewer.php ?map=nhttp://www.ugr.es/local/benjamin/frontiers/e-overlay-88-15.

txt&label_size_variation=0.3&zoom_level=18&scale=0.9&network=http://www.ugr.es/local/benjamin/frontiers/e-88-15-n.txt&n_lines=10000.

bAvailable in high resolution at: http.//www.ugr.es/local/benjamin/frontiers/figure6B.png. Available online map and network at: http.//www.vosviewer.com/vosviewer.php?map=http.//www.ugr.es/local/benjamin/frontiers/e-overlay-88-03.

txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http://www.ugr.es/local/benjamin/frontiers/e-88-03-n.txt&n_lines=100.

“Available in high resolution at: http://www.ugr.es/local/benjamin/frontiers/figure6C.png. Available online map and network at: http.//www.vosviewer.com/vosviewer.php ?map=http.//www.ugr.es/local/benjamin/frontiers/e-overlay-04-09.

txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http://www.ugr.es/local/benjamin/frontiers/e-04-09-n.txt&n_lines=1000.
9Available in high resolution at: http.//www.ugr.es/local/benjamin/frontiers/figure6D.png. Available online map and network at: http://www.vosviewer.com/vosviewer.php ?map=http.//www.ugr.es/local/benjamin/frontiers/e-
overlay-10-15.txt&label_size_variation=0.38zoom_level=1&scale=0.9&network=http://www.ugr.es/local/benjamin/frontiers/e-10-15-n.txt&n_lines=10000.
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TABLE 7 | Intellectual structure of graphene research and its evolution in China.

Cluster 1: red

Cluster 2: green

Cluster 3: dark blue

Cluster 4: yellow

Cluster 5: pink

Cluster 6: bright

Cluster 7: pacific

turquoise blue
Fundamental Score Functionalization Score Technology Score Materials Science Score Energy storage Score Optics Score Chemical Score
research and biomedical and devices properties
applications and sensors
21988-2015 10,795 Complete period
docs/7,595 keywords
Graphene 16,973 Graphene oxide 3,682 Atomic force 723 Nanocomposite 2,463 Reduced graphene 2,156 Saturable 237 Adsorption 1,157
microscopy oxide absorbers
Graphene sheet 1144  Graphite 2,924 Carbon nanotubes 693 Scanning electron 2,028 Transmission 2,098 Optical property 233 Photocatalysis 619
microscopy electron microscopy
Nanostructure 920 Chemistry 1,508 Chemical vapor 641 Fourier transform 744 Electrode 2,020 Plasmons 230 Titanium 508
deposition infrared spectroscopy dioxide
Graphene 656 Carbon 1,179 Raman 568 Mechanical property 727 Nanoparticle 1,921 Fiber laser 192  Silver 491
nanoribbons spectroscopy
Density functional 637 Oxide 930 Nanotechnology 423 Composite material 711 X-ray diffraction 1,845 Absorption 173 Photocatalytic 462
theory activity
Total of keywords 1,766 Total of keywords 2,690 Total of keywords 1,340 Total of keywords 1,585 Total of keywords 1,595 Total of keywords 721  Total of 883
keywords
°1988-2003 29 Preliminary
docs/15 keywords development
Graphene sheet 4 Carbon nanotubes 5 Lithium battery 4
Single wall 4
carbon nanotube
Total of keywords 2 Total of keywords 1 Total of keywords 1
°2004-2009 1,037 Fast development
docs/857 keywords
Graphene 301 Graphite 182 Carbon nanotubes 58 Electric conductivity 26 Transmission 23 Absorption 14 Adsorption 28
electron microscopy
Graphene 57 Carbon 44 Nanotechnology 22 Nanocomposite 25 Nanoparticle 16 Optical property 9 Aromatic 6
nanoribbons compound
Graphene sheet 56 Nanostructured 28 Raman 20 Functionalized 20 Electrode 15 Optoelectronic 6 Solution 4
material spectroscopy device
Density functional 35 Chemistry 25 Atomic force 18 Scanning electron 19 Nanosheet 15 Reflection 6 Temperature 4
theory microscopy microscopy
Electronic 31 Surface property 21 Room temperature 16 Mechanical property 17 Synthesis (chemical) 15 Light absorption 5 Titanium 4
structure
Total of keywords 128 Total of keywords 60 Total of keywords 52 Total of keywords 43 Total of keywords 47 Total of keywords 9 Total of 5
keywords
(Continued)
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TABLE 7 | Continued

Cluster 1: red

Cluster 2: green

Cluster 3: dark blue

Cluster 4: yellow

Cluster 5: pink

Cluster 6: bright

Cluster 7: pacific

turquoise blue
Fundamental Score Functionalization Score Technology Score Materials Science Score Energy storage Score Optics Score Chemical Score
research and biomedical and devices properties
applications and sensors
92010-2015 9,729 Consolidate development
docs/7,037 keywords
Graphene 16,671 Graphene oxide 3,571 Atomic force 705 Nanocomposite 2,438 Reduced graphene 2,156 Saturable 236 Adsorption 1,128
microscopy oxide absorbers
Graphene sheet 1,084 Graphite 2,740 Carbon nanotubes 630 Scanning electron 2,009 Transmission 2,072 Plasmons 229 Photocatalysis 619
microscopy electron microscopy
Nanostructure 889 Chemistry 1,483 Chemical vapor 629 Fourier transform 736 Electrode 2,005 Optical property 223 Titanium 505
deposition infrared spectroscopy dioxide
Density functional 602 Carbon 1,132 Raman 547 Mechanical property 710 Nanoparticle 1,905 Fiber laser 192  Silver 489
theory spectroscopy
Graphene 599 Oxide 914 Nanotechnology 401 Composite material 708 X-ray diffraction 1,831 Fiber 167 Photocatalytic 462
nanoribbons activity
Total of keywords 1,677 Total of keywords 2,667 Total of keywords 1,320 Total of keywords 1,563 Total of keywords 1,675 Total of keywords 704 Total of 876
keywords

aAvailable in high resolution at: http://www.ugr.es/local/benjamin/frontiers/figure7A.png. Available online map and network at: http.//www.vosviewer.com/vosviewer.php?map=http://www.ugr.es/local/benjamin/frontiers/c-overlay-88-15.
txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http.//www.ugr.es/local/benjamin/frontiers/c-88-15-n.txt&n_lines=10000.
bAvailable in high resolution at: http://www.ugr.es/local/benjamin/frontiers/figure7B.png. Available online map and network at: http.//www.vosviewer.com/vosviewer.php?map=http.//www.ugr.es/local/benjamin/frontiers/c-overlay-88-03.
txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http.//www.ugr.es/local/benjamin/frontiers/c-88-03-n.txt&n_lines=100.
cAvailable in high resolution at: http://www.ugr.es/local/benjamin/frontiers/figure7C.png. Available online map and network at: http.//www.vosviewer.com/vosviewer.php?map=http.//www.ugr.es/local/benjamin/frontiers/c-overlay-04-09.
txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http.//www.ugr.es/local/benjamin/frontiers/c-04-09-n.txt&n_lines=1000.
9Available in high resolution at: http.//www.ugr.es/local/benjamin/frontiers/figure7D.png. Available online map and network at: http://www.vosviewer.com/vosviewer.php ?map=http.//www.ugr.es/local/benjamin/frontiers/c-
overlay-10-15.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http.//www.ugr.es/local/benjamin/frontiers/c-10-15-n.txt&n_lines=10000.

‘|8 18 epesanp-sebiep

yousessay susydels) Buiziensip


http://www.frontiersin.org/research-metrics-and-analytics/
http://www.frontiersin.org
http://www.frontiersin.org/research-metrics-and-analytics/archive
http://www.ugr.es/local/benjamin/frontiers/figure7A.png
http://www.vosviewer.com/vosviewer.php?map=http://www.ugr.es/local/benjamin/frontiers/c-overlay-88-15.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http://www.ugr.es/local/benjamin/frontiers/c-88-15-n.txt&n_lines=10000
http://www.vosviewer.com/vosviewer.php?map=http://www.ugr.es/local/benjamin/frontiers/c-overlay-88-15.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http://www.ugr.es/local/benjamin/frontiers/c-88-15-n.txt&n_lines=10000
http://www.ugr.es/local/benjamin/frontiers/figure7B.png
http://www.vosviewer.com/vosviewer.php?map=http://www.ugr.es/local/benjamin/frontiers/c-overlay-88-03.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http://www.ugr.es/local/benjamin/frontiers/c-88-03-n.txt&n_lines=100
http://www.vosviewer.com/vosviewer.php?map=http://www.ugr.es/local/benjamin/frontiers/c-overlay-88-03.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http://www.ugr.es/local/benjamin/frontiers/c-88-03-n.txt&n_lines=100
http://www.ugr.es/local/benjamin/frontiers/figure7C.png
http://www.vosviewer.com/vosviewer.php?map=http://www.ugr.es/local/benjamin/frontiers/c-overlay-04-09.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http://www.ugr.es/local/benjamin/frontiers/c-04-09-n.txt&n_lines=1000
http://www.vosviewer.com/vosviewer.php?map=http://www.ugr.es/local/benjamin/frontiers/c-overlay-04-09.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http://www.ugr.es/local/benjamin/frontiers/c-04-09-n.txt&n_lines=1000
http://www.ugr.es/local/benjamin/frontiers/figure7D.png
http://www.vosviewer.com/vosviewer.php?map=http://www.ugr.es/local/benjamin/frontiers/c-overlay-10-15.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http://www.ugr.es/local/benjamin/frontiers/c-10-15-n.txt&n_lines=10000
http://www.vosviewer.com/vosviewer.php?map=http://www.ugr.es/local/benjamin/frontiers/c-overlay-10-15.txt&label_size_variation=0.3&zoom_level=1&scale=0.9&network=http://www.ugr.es/local/benjamin/frontiers/c-10-15-n.txt&n_lines=10000

B10"UISIBNUOL MMM | SONA[BUY PUB SOLIBIA UOJeasay Ul Sialuoi

8l

/8oy | zswnjop | 210z 48qo100

TABLE 8 | Density maps.

Preliminary development 1988-2003 Fast development 2004-2009 Consolidated development 2010-2015

United States

http://www.ugr.es/~benjamin/frontiers/figure8A.png http://www.ugr.es/local/benjamin/frontiers/figure8B.png http://www.ugr.es/local/benjamin/frontiers/figure8C.png

Europe

http://www.ugr.es/local/benjamin/frontiers/figure8D.png http://www.ugr.es/local/benjamin/frontiers/figure8E.png http://www.ugr.es/local/benjamin/frontiers/figure8F.png

China

http://www.ugr.es/local/benjamin/frontiers/figure8G.png http://www.ugr.es/local/benjamin/frontiers/figure8H.png http://www.ugr.es/local/benjamin/frontiers/figure8l.png
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keyword) that studied Energy Storage from the very onset. China
targeted the massive production of batteries as a strategic line for
technological development, aiming to become the main supplier
of batteries for the emerging electric automotive industry. Thus,
any sort of research related to energy storage, or improving the
existing technologies by incorporating new materials, such as
graphene or reduced graphene oxide, can be seen as a national
priority (Ye et al, 2010). The period of Fast development led
to exploration of all the new lines diverging from the hub of
graphene research, however. Just as in the United States and
Europe, China could be characterized by a great diversity of
keywords having to do with Functionalization and Biomedical
Applications. Consolidated development meant the confirmation
of trends initiated in previous years, and the respective map is
practically a mirror image of the Complete period.

The drift observed in the current of keywords within the
Materials Science cluster in United States and EU (toward
Fundamental Research) is not present in China; instead, its
keywords are more stable and easily identified, remaining inside
the Materials Science field. China has been very prolific in all the
areas related to graphene. Although the strongest production
takes place during the Consolidated development period, it is
clear (Table 8) that much emphasis was placed on Applications—
cluster 2: Functionalization and Biomedical Applications; cluster
5: Energy Storage. In particular, Chinas contribution in cluster 2
is so intense that it would have been very difficult to identify this
cluster it if we had only taken into account the contributions of
the United States and Europe, separately.

CONCLUSION

In this work, the intellectual structure of graphene research,
its main research lines and its evolution are studied by means
of bibliometric and information visualization techniques.
Graphene shows a continually growing attraction worldwide, an
interest that translates as scientific research and output. In view
of the objectives set forth at the beginning of our work, we may
affirm that:

1. World output in graphene research began to grow exponen-
tially in 2004, as previously reported (Lv et al., 2011). This
growth was spurned by a strong pulse in production in the
United States from 2004 onward, and in Europe and China
from 2006 onward. Wan and Pan (2010) state that China
has placed great vigilance on graphene research, but is out
of the way of the driver countries. Five years later, this study
shows that China became the undisputed world leader in
2012, largely owing to governmental and financial support
from the National Natural Science Foundation of China, the
Ministry of Science and Technology of the People’s Republic
of China, and the Chinese Academy of Sciences (Chen, 2013).
A very similar trend was identified in the research field of
Nanoscience and Nanotechnology (Chinchilla-Rodriguez
etal.,2016).In 2013, it was appraised that 2,200 patents related
to graphene were rooted in China (Gao et al., 2014). Europe
overtook the United States in graphene output in the year 2014.
It is widely recognized that European Research Performing

Organizations contribute very significantly to the overall
research objectives associated with graphene, with research
and innovation activities that are not directly funded through
Collaborative Projects and Coordination and Support Actions
(Ciubotaru and Helman, 2015). For example, the Graphene
Flagship represents a new form of joint research effort on an
unprecedented scale—in fact, Europe’s largest research initia-
tive to date—with a budget of one billion euros.

2. We identified the knowledge structure of graphene at the
world level, distinguishing seven research lines: Fundamental
Research, Functionalization and Biomedical Applications,
Technology and Devices, Materials Science, Energy Storage,
Optics, Chemical Properties, and Sensors. These findings
broadly agree with the areas identified by authors Chen (2013)
and Gao etal. (2014). A major part of the worldwide research is
found to be concentrated in Energy Storage, Optics, Chemical
Properties, and Sensors, pointing to the accentuated interest
of Chinese industry in these particular areas. Regarding future
trends, we believe that the scientific community will appreci-
ate the clear identification of the clusters of keywords that this
work has provided and, especially, the detection of the rise of
the “functionalization and biomedical applications,” and the
“energy storage” clusters as the fields with more promising
growth in forthcoming years.

3. Overlay maps are an essential tool for exploring the evolution
of graphene research and of any other type of discipline or
material. Thanks to them, we gain a personalized and detailed
view of the origin, evolution, development, and key factors
behind productive efforts at the world level. Still, there must
be ways to enhance their utility, and future research should
address this challenge.

4. By combining overlay maps with density maps, the advantages
become twofold. The sources of research in the United States,
EU, and China become visible, and we can see how the evolution
in the United States parallels that of Europe in terms of patterns
and interests. In China, however, research follows a different
path, possibly guided by national economic interests and com-
mercial needs. Despite its comparatively late and timid surge
in growth, China clearly dominates the current panorama of
applied graphene research for the biomedical field and energy
storage, two areas holding vast economic potential.

Although this analysis is founded on currently available tools,
a main novelty resides in mapping the disciplinary network
structure of the field “graphene research,” identifying terms that
have a mediating effect in different developmental stages as well
as trends in geographical domains. Likewise, the findings can be
shared and commented upon among colleagues who see in the
online maps what is going on in the research “hot spots,” year by
year, or in any time period specified.

Despite considerable efforts to represent disciplines and their
evolution over time (Klavans and Boyack, 2006), unresolved
issues persist on the research platform of bibliometric indicator
studies (Leydesdorft and Rafols, 2009). In any case, the findings
expounded and illustrated here could help refine research agendas
by providing policy makers a better view of the dynamic direc-
tions of research. An immediate goal could be to improve the
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baselines for benchmarking exercises, especially those intended
to evaluate research endeavors.

LIMITATIONS AND FUTURE RESEARCH

It is likely that excessive optimism participated in the definition
of our objectives in the framework of this study. In the face of
the results obtained, the vast dimensions of the factors involved
gradually became more apparent. This work served to plant our
feet more firmly on the ground amid the numerous methodologi-
cal pros and cons and the magnitude of the material of study itself.

One consideration that comes up repeatedly in studies of this
nature is the database used. Although we relied on Scopus in this
case, it would be desirable for future efforts to add/complement
data from sources such as WoS, patent databases (USPTO, SP@
CENET, PATENTSCOPE, DWPI, and WIPO Gold), and special-
ized databases such as Chemical Abstracts Services, along with
Web Content Mining techniques (Shapira et al., 2016). It would
also be very interesting to replicate this work using other tools
such as CiteSpace (Chen, 2004) or SciMAT (Cobo et al.,, 2012),
to see and compare the different perspectives that these tools can
bring into view.

Co-word analysis has been improved in the past two decades
but still suffers from certain limitations, e.g., the normalization of
keywords, indexes applied, counting methods, and the participa-
tion of experts (He, 1999; Wang et al., 2012). Here we tried to
overcome some of these limitations by normalizing keywords,
building a thesaurus, applying fractional counting, and integrat-
ing an expert’s knowledge in the whole process. Fractional count-
ing proved to be beneficial, possibly because at the network level
one can normalize the relative weights of links and thereby clarify
the structures within the network (Leydesdorff and Park, 2017),
offering highly uniform clusters in size, which reliably reflect
what is actually researched, not just the subject matter of the
journals where output is presented. At any rate, further analysis
should be undertaken to explore alternative techniques so as to
refine both methodology and results. For example, overlay maps
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