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Abstract. Carbon has been widely studied worldwide, mainly due to its
numerous application possibilities. Despite this, no studies statistically report
the realization of these studies in Brazil. In this sense, the objective of this work
was to carry out a statistical survey of works with carbon materials published
by Brazilian authors between 2010 and 2022, using the Web of Science
platform. In addition, patents filed with the INPI were evaluated. The results
showed that the country is the 15th country globally with the highest number of
publications with carbon materials;, however, a decrease in the number of
publications was observed in the last three years and a great disproportion
between the five Brazilian regions.

1. Introduction

Carbon is one of the fundamental elements in nature, being used for over 3000 years, but
with significant advances in recent decades due to reports and development of new
carbon-based materials, such as fullerene, carbon nanotubes, and more recently, the
graphene (Liu et al. 2021). The carbon atom can form single, double, or triple bonds,
bonding to itself or other elements (Zarbin and Oliveira 2013). Due to this ability to form
different bonds, it can be found in different stable allotropic forms, ranging from natural
structures such as diamond, amorphous carbon and graphite to artificially synthesized
carbon nanotubes, fullerene and graphene (Matos et al. 2017).

These carbon-based materials play a vital role from a technological, industrial, social, and
economic point of view. Brazil is one of the world's main producers of scientific
knowledge in the carbon area, with a large installed capacity, mainly in universities and
in some research centers that meet and promote the demands in the area (Sabzehmeidani
et al. 2021). Studies with graphite materials have been developed in this country at least
since the 1990s. With the graphene isolation in 2004, these studies were intensified, as
there was already a prior research infrastructure and human resources to work with this
material. Furthermore, the creation of the National Network of Carbon Nanotubes (2005)
and the Institute of Science and Technology of Carbon Nanomaterials (2009) allowed the
exchange of knowledge and infrastructure between researchers across the country,
leading to an exponential growth of patents and articles published in this area (Pimenta et
al. 2019, Bellucci et al. 2021).

Several factors have limited this growth despite the previously reported growth in recent
years. The main one, without a doubt, is the budgetary insufficiency, which is increasingly
present in Brazilian universities and research institutions (McManus and Neves 2021),
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leading to reduced research possibilities and the general collapse of the system. In
addition, due to the socioeconomic and cultural differences in Brazil, scientific and
technological behavior can present significant differences when compared between the
regions of the country. Therefore, understanding the behavior and profile of researchers
and research carried out with carbon materials over the years allows directing efforts to
obtain greater scientific homogeneity for the different regions of the country.

With international prominence, Brazilian scientists have made significant contributions
to the science and applications of carbon materials (Pimenta et al. 2019). However, no
review has statistically reported simultaneously the number of articles published, the
behavior of the number of publications over the years, the main materials studied, and the
scientists who carry out these studies. In this sense, to assess the current scenario of
Brazilian scientific and technological production, this review presents a critical analysis
of data referring to statistics of articles and patents on carbon materials published by
Brazilian authors between 2010 and 2022. In addition, it evaluates production by region
of the country. It comprises the central lines of studies that approach carbon in developing
new materials, new production methods, characterization, and performance evaluation.
In addition, a survey was carried out on the presence of women among the authors with
the most significant number of published articles.

2. Experimental Procedure

The selection of articles was performed using the Web of Science search platform.
Initially, on 11/21/2021, the search for "Carbon Material*" was performed in the Topic
field with a date range defined between 01/01/2010 and 03/31/2022. The asterisk was
used as a truncation operator to include the terms "material" and "materials" in the same
search. Subsequently, document filters were used, selecting the option "article" and by
country/region, selecting the option "Brazil," as shown in the flowchart in Figure 1.

Search Filter Filter
8

Topic: Carbon material* | Article .| Brazil
(n = 245536) 7| (n =208599) (n = 4907)

\ \/
~ ~
Gocumem types) Gountries/Regior)

Figure 1. Flowchart of obtaining articles of carbon materials published in Brazil.

To obtain the types of materials that are present in these articles, the search field "Search
within results for" was used, where the terms "fullerene*", "graphene*", "graphite*",
"carbon nanotube", "fiber*", "dots", "carbon black" and "activated carbon" were typed
individually. Finally, the remaining data were obtained using the "Analyze Results" tool.
Patents filed between 2010 and 2021 in Brazil were obtained on the website of the
National Institute of Industrial Property (INPI) (Instituto Nacional da Propriedade
Industrial 2021) from a basic search for the terms in Portuguese "material de carbono",

"materiais de carbono", “carvao ativado”, "grafite", “grafeno”, “fulereno’ and “nanotubos
de carbono” in the title field and containing all the words. Data were selected and
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processed through individual access to the files of each patent. Data on the gross domestic
product (GDP) by region were obtained from the Brazilian Institute of Geography and
Statistics (IBGE) website. All figures were constructed from the data obtained in the
search performed. The maps of Brazil and its regions were constructed using the free
online tool MapChart (MapChart 2021). The other graphs were built with the help of
specific software. The Sankey diagram was built with the same software using the
"Sankey" tool.

3. Results and Discussion

3.1. Studies with carbon materials in Brazil

About 4.907 articles that met the selection criteria were found from the search performed.
This result places Brazil in 15th place among the countries that publish the most scientific
articles on carbon materials globally, with 2.35% of the articles published in the selected
period. In order to assess the placement of Brazil regarding other countries in the number
of articles published, we compare the placements with the GDP of each country,
according to the International Monetary Fund (IMF). The trend is that the higher the
country's GDP, the greater the number of scientists who publish more impact articles. An
example is Brazil itself, which is in 15th place in the production of articles and is the 12th
economy of the world, with a GDP of 1444,718 billion dollars (International Monetary
Fund 2021).

According to the year of publication (Figure 2a), from 2010 to 2020, we observed an
increasing number of publications; however, there was a decrease in the growth rate of
publications over the years. In 2021, the number of publications was below 2019 and
2020. The limited rate of increase and the decrease in the number of articles published in
2021 can be attributed to experimental limitations imposed by the COVID-19 pandemic
(Nature 2021) and the decrease in scientific funding.

Quite different behavior could be found earlier. A survey carried out by FAPESP in 2010
showed that the Brazilian contribution to world scientific production rose from 1.6% in
2002 to 1.9% in 2006. In addition, there was a 43.5% growth in the number of Brazilian
publications in the period, twice the world growth of 22.7% (Brentani et al. 2011). In
2011, Brazil jumped to 13th place in the global carbon papers scenario; however, this
trend was reversed. Although the Brazilian scientific production has grown at a constant
rate of 16% between 2011 and 2014, it fell 4% in 2015 (Angelo 2016). This happened
because Brazil's main scientific development agencies have had their budgets cut in recent
years. Such cuts resulted in many laboratories and research institutions being stagnant
(Escobar 2019) due to the difficulty of acquiring new equipment and performing
maintenance of previously acquired equipment. In addition, the cuts directly affect the
number of scholarships available, especially for graduate students; this leads to a decrease
in students in graduate programs and brain drain. Such factors result in a decrease in the
number of publications, including for carbon materials.
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Figure 2. Analysis of publications results according to (a) year, (b) material and

(c) journal.

The search filter "Search within results for" made it possible to evaluate the types of
carbon materials studied in the evaluated period (Figure 2b). At this point, it is essential
to note that a part of the articles may appear for more than one search, as there are many
studies involving composite materials, which include more than one type of carbon
material (e.g., graphene and carbon nanotubes). In general, it is observed that, among the
materials selected for the search, there are many studies carried out with carbon
nanotubes, followed by activated carbon and graphene, representing approximately
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18.77%, 13.80% and 12.02% of selected articles, respectively. On the other hand, papers
with graphite, fibers and carbon black appear in smaller quantities, with studies with
carbon dots and fullerenes being rare. Compared with studies carried out worldwide,
where the most studied materials are carbon nanotubes (24.41%), graphene (22.40%) and
activated carbon (10.51%), it is possible to observe that Brazil has a smaller proportion
of studies with carbon nanotubes and especially with graphene.

On the other hand, more studies are seen for activated carbons. This is probably due to
the richness and diversity of biomass available in Brazil. A search for the term “biomass”
among all the articles evaluated in this work shows the presence of this term in 11.1% of
the articles. In addition, obtaining these materials is relatively simpler and cheaper when
compared to obtaining other carbon materials, better adapting to the reality of Brazilian
institutions.

About the periodicals where the articles are published, 1053 titles were found. The first
10 are shown in Figure 2c, and indicate that the three journals with the highest number of
publications among the selected articles are Materials Research (specialized in materials),
where about 1.87% of the articles are published, Electrochimica Acta (specialized in
electrochemistry), with 1.65% of the articles, and Journal of the Brazilian Chemical
Society (specialized in chemistry), which contains 1.53% of the articles published by
Brazilian scientists. Since the journals specialized in electrochemistry and environmental
sciences are the ones that receive the most significant number of publications, from the
analysis of the journals where the articles are published, it is possible to observe, mainly,
the applications that are given to these materials.

Figure 3a shows the participation of authors from other countries in the selected articles.
It noted the significant participation of North American co-authors in 7.60 % and
collaborations with researchers from France, Spain, Germany, Portugal, England, Italy,
Canada, and India. The participation of authors from China, the country that most
published articles on carbon materials in the same period, represents only 1.54% of the
articles published. About 94% of the articles were published in English and just over 5%
in Portuguese.

Comparing this study with the survey of international collaborations previously carried
out by McManus et al. (2020) (McManus et al. 2020), among the countries that stand out
in all areas, only India is not among the main Brazilian collaborations, indicating that
partnerships with institutions in that country seem to be more related to carbon materials.
An interesting point is the low amount of collaborations with Chinese institutions, despite
the country being the largest producer of articles with carbon materials. This limitation is
probably due to the language barrier, as English-speaking countries are at the center of
global science. Furthermore, the English language for publication in internationally
indexed journals generates greater international recognition. The most cited articles by
Brazilian researchers are often published in collaborations with colleagues in the United
States, England, and Australia (Martinez and Sa 2020).

When thinking about Latin America, Brazil has an excellent internal collaboration
network, but with few external collaborations (McManus et al. 2020), remaining
peripheral to global science, despite exercising regional leadership in the Latin American
context. Previous studies show that among highly cited Brazilian researchers, most work
in prestigious public universities and are inserted in international research networks,
having international mobility at different stages of their careers (Martinez and S& 2020).
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International collaborations are essential for developing national research so that
scientific isolation could cause a gradual financial and intellectual separation between
national and international institutions (McManus et al. 2020).
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Figure 3. Analysis of publication results according to (a) country of authors, (b)
area of knowledge and (c) funding agency.

The articles evaluated in this work are grouped in different areas and can be classified in
more than one area simultaneously. The areas with the highest number of articles (Figure
3b) are, respectively, Chemistry (32.24%), Materials Science (26.43%), and Engineering
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(19.00%). Also noteworthy are the researches carried out in the environmental sciences,
in the area of physics, science and technology and electrochemistry. On the other hand,
energy fuel, agriculture, and polymer sciences still appear with less representation.
Likewise, the same article can have more than one funding source, with the most
prominent agencies being CNPq, which financed 54.82% of the articles published,
followed by Capes (43.37%) and FAPESP (25.76%), highlighting the importance of these
sources of funding for carbon research in Brazil, despite the cuts suffered, as mentioned
above (Figure 3¢). Previous studies show that even with the emphasis on federal agencies,
the Sdo Paulo development agency (FAPESP) had a national impact due to the
collaboration of researchers from other states with Sdo Paulo universities. Furthermore,
it was observed that works financed by Brazilian agencies were published in journals with
a lower impact than those financed by foreign agencies. This highlights, once again, the
importance of collaborations with international institutions (McManus and Neves 2021).

3.2. Regional behavior

The Brazilian territorial and historical formation is unequal for the different Brazilian
regions. Territorial occupation and industrialization began on the coast, especially in the
southeast and south, so it is expected that regions further away from these places will be
socioeconomically harmed, which leads to a lower Human Development Index (HDI).
Due to the continental dimensions and socioeconomic inequalities in Brazil, it is expected
that the behavior of research and publications will vary according to the demographic
region assessed. In a general context, it should be noted that demographic changes imply
social and economic variations, which can result in negative or positive effects (Lazaretti
et al. 2019), with scientific research being included in these variations

Figure 4 shows, in a representative way, the distribution of the 50 institutions that most
appear in the affiliations of the authors of the evaluated articles. The majority presence of
institutions located in the south and especially in the southeast is quite evident, so that the
ten universities with the highest number of articles published are in these regions: USP,
Unicamp, Unesp, UFSCar, UFRGS, UFMG, UFRJ, UFPR, UFSM, and UFSC,
respectively. The two regions concentrate near 66% of the institutions that produce the
most scientific articles. Among the 50 institutions with the highest number of
publications, 6 of them are located abroad, namely: Center National de la Recherche
Scientifique (France), which appears again as the CNRS Chemistry Institute, Helmholtz
Association (Germany), United States Department of Energy (USA), Consejo Superior
de Investigaciones Cientificas (Spain) and Consejo Nacional de Investigaciones
Cientificas y Tecnicas (Argentina). Among the top 50 institutions, 44 are Brazilian
institutions, with only one private institution, the University of Caxias do Sul, which
appears in 45th place, indicating that most of the scientific knowledge on the subject is
produced in public institutions. These data corroborate previous studies that show that
almost all surveys in the country are carried out predominantly in public universities,
which correspond to the realization of about 95% of Brazilian surveys (McManus et al.
2021).
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Figure 4. Maps of the locations and the number of institutions that publish the
most articles according to the search performed.

Performing an analysis by region, we observe in Figure 5 that the distribution of the 44
Brazilian institutions with the highest number of publications is entirely disproportionate
in the 5 Brazilian regions, as is the case for 26 states and the Federal District. In Figure
5f we present the GDP for each of the five regions of the country, and we observe that
the number of institutions with the highest number of publications is directly related to
the region's GDP. A positive relationship between GDP per capita and public spending
on research and innovation with the scientific and technological development of countries
has already been observed. Therefore, a higher GDP per capita may indicate a greater
willingness to invest in research and innovation (Esteves and Feldmann 2016). In
addition, historical factors must be considered since the first Brazilian chemistry
laboratories were installed in the Southeast region and much later were disseminated to
other regions (Santos 2004). Previous studies show that among institutions that are among
the first in terms of international collaboration, there is a higher prevalence among those
located in the Southeast region, mainly in S3o Paulo and Rio de Janeiro. Fewer
institutions from the poorest regions are among the top 20 in terms of international
collaborations, which compromises the future of these regions and the country as a whole
(McManus et al. 2020).
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Figure 5. Distribution of the main research institutions for the regions (a) North,
(b) Northeast, (c) Midwest, (d) Southeast and (e) South, and (f) graph with the
GDP for each Brazilian region.

It is possible for each of these regions to observe that different material stands out among
the most researched. The Sankey diagram, shown in Figure 6, outlines the materials
surveyed for each region. For the Southeast region, the most studied materials are carbon
nanotubes, graphene, and activated carbon. For the southern region, activated carbon,
carbon nanotubes and graphene. In the Northeast region, carbon nanotubes, activated
carbon and graphene. For the Midwest region, graphene, activated carbon and carbon
nanotubes. Finally, activated carbon, carbon nanotubes, and graphene in the North region.
Despite the different proportions, we observed that the three types of materials are the
most studied in any region. It is even more evident that the disproportionate difference of
studies published by the Southeast region, especially the South and Northeast, compared
with the Midwest and North regions, verified by the width of the chord that has the origin
on the right of the graph.

RCT v.8 (2022) ISSN 2447-7028




www.revista.ufrr.br/rct

% RCT - REVISTA DE CIENCIA ETECNOLOGIA

Fullerene North

Figure 6. Sankey diagram, relating the variable material (carbon nanotubes, graphene,
fibers, carbon black, graphite, activated carbon, carbon dots and fullerene) with the
variable region (Southeast, South, Northeast, Midwest and North).

3.3. Women in carbon materials science

The continental dimension of Brazil, associated with regional differences, can directly
affect scientific production. The disparity can become even more remarkable when
observing the gender distribution of researchers who publish articles on carbon materials
for each of the Brazilian regions evidenced in Figure 7, thus, demanding a critical analysis
concerning the disproportionate of published articles concerning gender in the different
regions.

The presentation of the researchers' spatial distribution that most contributes to
publications in carbon area observed in Figure 7 exposes structural characteristics of the
Brazilian innovation system, such as its concentration and regional inequality. An
alarming fact concerning the authorship of these articles concerns the 25 researchers with
the highest number of publications. Among these, only 2 are women (8%), corroborating
the results of previous studies that show that male researchers dominate the areas of
Chemistry and Engineering, with a significant disparity in the approach to the top of the
career (Bezerra et al. 2019, Naideka et al. 2020). This inequality is also maintained
globally, with a gender difference of 27% in total productivity, where male scientists, on
average, publish 13.2 articles during their careers, while women publish only 9.6 (Huang
et al. 2020). Furthermore, when it comes to female members in science academies in
Brazil, China, France and the United States, there is a low percentage of 14%, 6%, 11%
and 13%, respectively (Valentova et al. 2017).
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It should be noted that the proportion of the economy and the level of economic growth,
which are directly related to GDP, are key factors when evaluating scientific production
by regions in Brazil (Pietrucha 2018). The regions with the highest to the lowest GDP in
Brazil are the Southeast, South, Northeast, Midwest and North, respectively (Figure 5f).
However, when analyzing the distribution of the female gender in relation to the male
researchers who publish the most articles on carbon materials (Figure 7), it is observed
that the south is at the top of the list with 28% of women, followed by the North (24%),
Northeast (16%), Midwest (6%) and, what draws attention, the southeast at the end of the
list, with 5% of female participation. This calculation was performed based on the names
of the 25 researchers with the highest number of publications in the period evaluated. In
some cases, it was not possible to verify the gender of the researcher due to the duplicity
of the initials, and the author was not counted in any of the genres.

Figure 7. Gender distribution of the 25 researchers who publish the most articles
on carbon materials in Brazil and for each of the country's regions.

Despite previous studies reporting a misogynistic bias towards the North region (Biasao
et al.), this region has a greater female contribution in carbon publications. Another region
in which women have stood out is the south, with seven researchers with the most
outstanding contribution in the publication of articles in the carbon area, and stands out
compared to the Southeast region, which has only one researcher actively contributing in
the area. When looking at the publications of articles by men, the region with the highest
percentage is the southeast (95%), showing an abyss and huge disproportionality in
relation to gender, indicating that the inequality in the country is not simple. Numerous
variables can be correlated, making this analysis very complex. One of the answers may
lie in the very structural system of universities, where the issue of stereotypes still
predominates, which historically associated women with a lower intellectual development
than men in the exact sciences (Bian et al. 2017). This issue of stereotypes has been
dismantled, and every day the representation of women advances in different areas of the
scientific career (Ferrari et al. 2018).
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A study by Naideka et al. (Naideka et al. 2020) showed a decrease in this female
representation as the level of the position increases, taking as an example the levels of
productivity that a scientist can achieve, women are found at 28% for 1D, 31% for 1C
and 21% for 1B and just 12% for 1A, the highest level of productivity subsidies.
Similarly, the Royal Society of Chemistry reported that 44% of chemistry students are
women in the UK, which drops to just 9% for professors (Kundu 2019). This effect of
decreasing women in higher career positions may be associated with the life span of these
women and their choices, such as the period of motherhood and/or temporary dedication
of the family to domestic and/or parental care. Thus, this interruption in the professional
trajectory allows male scientists better qualifications and greater scientific production
(Soares and Naegelle 2021). This disparity was further exacerbated during the pandemic
caused by the SARS-CoV-2 virus (Staniscuaski et al. 2020).

The unequal scenario also aggravates the “brain drain” (Hipdlito et al. 2021), which
consists of the national or international migration of highly qualified individuals, resulting
in the transfer of human capital and knowledge base for technological improvements to
the region of installation (da Silva Freguglia et al. 2019). It may be one of the factors for
the low percentage of women who publish articles in Brazil. Valentova et al. (2017)
(Valentova et al. 2017) highlight that factors such as disproportionate access to jobs,
opportunities and research grants, in addition to the lack of recognition of scientific
discoveries, make researchers migrate to other places or even leave the academy. Overall,
this disparity has many negative effects, as we are probably losing the wealth of ideas that
a more diverse group of people would bring (Kundu 2019), limiting scientific progress
due to the lack of representation of women in science.

3.4. Patents for carbon materials registered in Brazil

The development and progress depend on the scientific and technological innovation
produced by its institutions. One of the ways to measure a country's innovation is through
patents (Ruijie et al. 2021), which provide information on state of the art in the technology
field (Drake 2019). Patents are industrial property titles on the invention of a product or
a new utility model (Amadei and Torkomian 2009), and form an integral component of
local and global economies, a pillar in the commercialization of innovations and an
essential source of technical literature (Sigmon 2021). In this sense, since innovation is a
crucial indicator of a nation's economic progress (Drake 2019), we included in this study
a brief search on patents filed and registered on the National Institute of Industrial
Property (INPI) website in order to compare with the results obtained for the articles
published by Brazilian authors.

Figure 8 (a) shows the number of patents per filing year in the results from the search
specified in the Experimental Procedure topic. Except for the year 2014, when fewer
patents were filed than usual, we observed an increasing behavior of filings until the year
2016. After that, there was a gradual decrease until the year 2020. Few patents were found
for the year 2021, due to the time required between filing and publication of the patent.
In Figure 8 (b), the data referring to the location of depositing institutions are presented.
The highlight for the southeast region, followed by the south region, is observed, as is the
case for the number of articles published. The North region stands out in filing patents,
with a much higher proportion than that of articles, concluding that this region seems to
be more linked to the development and registration of new technologies. For this figure,
it should be considered that more than one institution that may be located in different
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regions of the country registers some patents. In this way, the sum of the values exceeds
100%.

As for materials, 81 patents were found that present the terms "material/materiais de
carbono" in the title, 132 for "grafeno", 82 for "nanotubos de carbono", 68 for "grafite",
52 for "carvao ativado" and 8 for “fulereno”. There are more foreign patents than
Brazilian patents for most materials, except for patents on activated carbon, which
Brazilian researchers almost entirely file.
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Figure 8. Data on patents registered at the National Institute of Industrial Property

(a) by year of filing and (b) by Brazilian region of origin.
423 filed patents were found for the search carried out, 42.1% of which were filed by
national institutions and 57.9% by foreign institutions. Of those published by institutions
in other countries, most are deposited by countries in Anglo-Saxon America (49.8%),
followed by countries in Europe (34.3%), Asia (11.4%), Oceania (3.3%) and Latin
America (1.2%). Despite this, few Brazilian collaborations with foreign institutions were
registered. We observe that patents filed by foreign institutions are mainly from the
private sector, looking more closely and individually. On the other hand, Brazilian public
universities make up almost all of the depositing Brazilian institutions, reinforcing, once
again, the information that Brazilian public universities are the largest producers of
scientific and technological knowledge.

4. Conclusions

From the results obtained, it was possible to verify the importance of Brazil in the world
context, as it is the 15th country that publishes the most scientific articles with studies
involving carbon materials. Among the materials studied stand out carbon nanotubes,
activated carbon, and graphene materials. However, since 2019, there has been a decrease
in the number of articles and patents published by Brazilian authors, possibly related to
budget cuts made in recent years, since for both, almost all notable institutions are public.

The vast majority of researchers who obtain more prominence in research on carbon
materials are men. Relevant differences for each country region were found, both for the
percentage of women who publish the most scientific articles and the number of
publications in general. Furthermore, the number of publications by region varies
significantly, clearly exposing the country's socioeconomic differences. After analyzing
all these data, it is evident that for Brazil to become a leading player in the carbon area,
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massive investments in scientific research, public institutions and affirmative action
policies for women in science will be necessary.
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