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A B S T R A C T

Graphene is a material consisting of ideally one layer of carbon atoms that has been claimed to
enable a new wave of disruptive technological innovation. Similar to other techno-scientific
fields, graphene research has been populated with far-reaching promises and expectations, and
claimed to be subject to over-promising and hype. This article builds on a practice-based ap-
proach to understand how expectations contribute to the emergence of the techno-scientific field
of graphene. We follow the anticipatory practices that constituted different arenas where ex-
pectations on graphene have been voiced, spread and assessed. These arenas relate to scientific,
policy and market actors, and anticipatory practices reach from the circulation of promises in
high-profile journals, via roadmapping to calculative practices that shape emergent markets. We
investigate the specific forms of performativity that different practices create, and how these
practices have contributed to the emergence and governance of the graphene field.

1. Introduction

On January 28th, 2013 the European Commission announced two large-scale research projects, each an initiative of 1 billion
euros, with the Graphene Flagship being one of them. Organized around the promise of graphene, a new type of material consisting of
only one or a few layers of carbon atoms with exceptional properties, this project - presented as “the EU’s biggest research initiative
ever”- is aimed at taking “graphene from the realm of academic laboratories into European society” within 10 years, with high
prospects for economic growth and innovation (GrapheneFlagship, 2014). This outstanding project is only one of the many initiatives
that have been taken in the name of the promises of graphene.

Less than 10 years before, a group of physicists announced that they had been successful in preparing tiny sheets of graphene, a
material previously considered to exist only as a theoretical possibility (Novoselov et al., 2004). Soon, scientific fascination was
followed by high hopes of a vast application potential, which has not only triggered large amounts of public funding and a Nobel
Prize, but also stirred high interest in the commercial realm, resulting in start-up companies, patents, and investments of large
electronics companies. Furthermore, various commercial consultancies have scrutinized and further spread the promises of graphene,
partly concluding that the degree of enthusiasm was not fully warranted and graphene should therefore be considered as ‘hyped’
(Kozarsky, 2013), a state of over-promising observed recurrently for many new technologies (van Lente, Spitters, & Peine, 2013).

In this article, we follow the rising enthusiasm for graphene and the role of expectations in the emergence and governance of the
graphene field through these different “arenas of expectations” (Bakker, van Lente, & Meeus, 2011), from academic science to
commercialization, where actors voice, negotiate, assess and shape expectations. In particular, we investigate the different
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anticipatory practices involved in this process, that is the particular ways by which these expectations are produced and spread
within and across the different arenas, such as scientific publications, roadmaps, or consultancy reports.

As has been shown for other technologies before, collective expectations up to enthusiasm and hype are a constitutive and
intrinsic part of current research and innovation governance. These expectations are performative by influencing and structuring the
activities of research, innovation and policy actors. More specifically, they play an important role in the mobilization, coordination
and guidance of science and technology actors (Borup et al., 2006; Konrad et al., 2012; van Lente, 1993), and in the formation of
these fields (Felt & Nowotny, 1992; Hedgecoe, 2003; van Lente & Rip, 1998a). This may happen in rather diffuse forms when
distributed actors orient their activities towards research directions commonly considered as promising (van Lente & Rip, 1998b), or
in more specific forms, for instance when diverse actors commit themselves to aligning their strategies and projects with the spe-
cifications of jointly-developed visions and roadmaps. One of the outstanding examples is the International Technology Roadmap for
Semiconductors (ITRS), by which the semiconductor industry organizes and coordinates research and development through con-
ferences, working groups, roadmapping and calculative practices, and at the same time creates repercussions for emerging tech-
nologies that may or may not be considered in this roadmap (Le Masson, Weil, Hatchuel, & Cogez, 2012; Schubert, Sydow, &
Windeler, 2013). Science and technology policy responds to expectations and hype dynamics as well, both in the form of support and
regulatory policies (Berti & Levidow, 2014; Brown & Beynon-Jones, 2012; Melton, Axsen, & Sperling, 2016; Budde & Konrad, 2015).

With this paper we introduce a practice perspective into the study of expectations in science and technology, in order to enrich
our understanding of the diversity of practices which contribute to expectation-building around new technologies and of the specific
performative governance effects created by these practices. Thus, we focus on two main research questions. The first one relates to
the practices of producing expectations: Which practices are deployed for creating, shaping and circulating expectations about graphene in
specific arenas? The second one refers to the relation between expectations and innovation: What is the performative effect of these
practices in shaping graphene as a field? By addressing these questions, we aim firstly to contribute to our understanding of the process
of constitution of the emergent graphene field, and secondly, to contribute to the discussion on expectations in science and tech-
nology by focusing on the relation between practices and their performativity.

This article develops as follows: the next two sections introduce first the main analytical concepts such as the notions of an-
ticipatory practices and arenas of expectations, and then the methodological approach. The fourth section, empirical, is divided into
three subsections, which follow anticipatory practices and expectations across three different arenas related to academic research,
public funding and commercialization. We show how particular sets of practices have shaped important aspects of the graphene field
and its governance, such as the sort of actors involved, the forms of interaction and coordination between them, and the directions
taken by research and development. The final section discusses these findings under the lens of the proposed framework.

2. Conceptual framework: anticipatory practices and arenas

The future as a central reference point for the way in which we conceptualize our world has long historical roots. The particular
ways in which projections are built and inform governance processes are specific for certain times and places (Jasanoff & Kim, 2009;
Koselleck, 2004; Seefried, 2013; Aykut, 2015). In current science and technology dynamics, we observe a multitude of specific forms
of anticipating and assessing the future, as well as future-agents & agencies, and intermediary organizations specialized in managing
techno-futures. Furthermore, for current liberal democracies, anticipatory action plays an important role in coping with possible
threatening events, just as in responding to the promises and risks of new and emerging technologies, such as nanotechnology. In this
context, Anderson (2007, 2010) has suggested to pay close attention to the particular practices in which anticipatory knowledge is
built and how it leads to anticipatory action. In the following, we will explain our conceptual approach, which is aimed at capturing
the diversity of anticipatory practices, their relations, interactions, and specific performative effects.1

2.1. Anticipatory practices & performativity

The Sociology of Expectations has extensively studied the role of expectations in shaping technological fields. In cases where
uncertainties and indeterminacy are high, expectations, in particular collective expectations which are part of a shared repertoire in a
community or public, fulfill functions of mobilization, legitimation, guidance and coordination (Borup et al., 2006; van Lente & Rip,
1998b). Expectations can be defined as statements about future conditions or developments that imply assumptions about how likely
these are supposed to be and that travel in a community or public space (Konrad, Van Lente, Groves, & Selin, 2017, p.466). These
statements about the future can be promises (e.g. graphene being the next disruptive technology enabling many different applica-
tions), concerns (e.g. potential risks of graphene or assumed challenges for realizing the promises). Expectations are performative;
these statements are not just claims, but have an effect on activities in the real world (van Lente, 1993). The concept of performativity
refers to a recursive, evolving social process by which actors, technologies and even institutions in the real world adapt and align to
the performative utterance (Callon, 2007). With this article, we contribute to studies of expectations and their performative role by
focusing on the practices,2 which we call anticipatory practices, by which expectations of the future are created, either in explicit and
structured forms, such as in the case of calculations, modelling, scenarios, forecasting, etc.; or in more implicit and less formal ways
such as in the case of expectations embedded and embodied in grant proposals, prototypes, standards, or crowdsourcing (Anderson,

1 For a similar approach on anticipatory practices see the article of Schneider & Lösch (in press) in this issue.
2 For a more comprehensive discussion of the conceptual framework see Alvial Palavicino, 2016a)
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2010; Bakker, 2010; Kinsley, 2012; Reichmann, 2013; Alvial Palavicino & Konrad, 2015).
To study these anticipatory practices, we follow Shove, Pantzar, and Watson, (2012) who understands practices as the basic unit

of the social world, in which knowledge and competences, material elements and meanings are articulated. Hence, in an anticipatory
practice, we seek to understand which of these elements define the practice, making it distinguishable and repeatable. Consider, for
example, roadmapping, which is often used – also beyond the semiconductors industry - to structure different levels and types of
expectations within a company or sector, to define normative goals and to derive at suggestions for actions to be taken to work
towards these goals (McDowall, 2012). While different roadmaps vary considerably between each other, they can still be recognized
as practices in which expectations are arranged and presented in a temporal line as a result of consultation with experts and relevant
actors, often supported by some form of graphical mapping. An example of a more implicit type of anticipatory practice are field-level
review papers that often contain references to the promises of a field and propose a future-research agenda, which is legitimized by
the expertise of the authors and the reputation of a journal. We consider practices anticipatory if they contribute, either directly or
indirectly, to the definition of explicit or implicit assumptions about the future (Anderson, 2010; Alvial-Palavicino, 2016a,2016b).
These anticipatory practices are the way in which expectations about the future, as material and discourse elements are circulated
and spread throughout different social groups3 It is important to note that in this article our aim is not to follow the deployment of
particular anticipatory practices in full detail, but to identify the variety of relevant anticipatory practices shaping expectations on
graphene and to capture their main characteristics.

We assume that anticipatory practices differ in the specific performative effects they are likely to create, and thus, also in their
role in the governance of research and innovation. Different practices include and exclude different actors in the process of ex-
pectation-building or circulation of expectations; they produce certain types of expectations rather than others, e.g. scientific versus
economic; and they may have more or less pronounced coordinative, guiding or mobilizing functions. By way of example, broadly
formulated visions and visioning processes facilitate the coordination and participation of diverse actors, whereas a highly specific
roadmapping process, as the mentioned ITRS semiconductor roadmap, is more likely to create a clear guiding function, but for a more
narrowly defined constituency. (The relation between anticipatory practices and different modes of governance are discussed in more
detail in Konrad & Alvial Palavicino, 2017).

2.2. Arenas of expectations as constituted by different practices

The notion of arenas of expectations, introduced by Bakker et al. (2011), refers to the loci where enactors and selectors voice,
share, assess and shape expectations in a competition for funding and other forms of legitimacy, also referred to as expectations work.
The notion enactors refers to promoters of a technology, while selectors are those who choose among options (Garud & Ahlstrom,
1997). In practice, particular actors may perform both roles sequentially or simultaneously (Bakker, van Lente, & Meeus, 2012).

Bakker et al. (2011) have suggested that there are different arenas, such as scientific journals and conferences, wider media,
committees and research councils with different rules of exchange that either sustain or change particular types of expectations.
Multiple arenas may co-exist, and their dynamics will vary in terms of the types of expectations voiced by enactors, and the way in
which selectors contrast these expectations against the experience, knowledge and interest of a specific community of selectors.

While Bakker et al. (2011,2012) studied how particular competing technological options were enacted and selected by certain
groups of actors, in this paper we study the anticipatory practices prevalent in and partly constituting different arenas. These
practices are conducted by different actors, highlight different types of expectations and selection criteria, and thus may lead to
different dynamics in different arenas, but may also connect and mediate expectations across arenas.

3. Methodology

Our research is based on an in-depth case study in the development of expectations and underlying anticipatory practices in the
graphene field carried out over a period of 18 months (end of 2012 to first half of 2014). In order to capture expectations and their
associated practices, a recursive, mixed method approach was used. We characterize the method as recursive because the research
scope was successively expanded in the light of emerging findings. The guiding principle was to map out relevant actors, their
expectations and anticipatory practices they have been involved in, and subsequently, identify further relevant actors, expectations
and practices. Based on a literature review, we started by interviewing mainly scientific actors and then continued with further actors
and arenas. This included conferences, the Flagship project, intermediary organizations, and social media.

In total, 29 semi structured interviews with graphene actors (EU & US) were conducted following a snowball sampling, covering:
graphene scientists [9], science journalists [2], flagship coordinators [3], policy actors [2], consultants [3], venture capitalists [2],
graphene company CEOs [6] website managers [2], and standardization bodies [1]. Interviews lasted from 40min to one hour. One
of us attended three graphene conferences (two scientific conferences and one business meeting). The material was further com-
plemented with an extensive document analysis (scientific publications, press releases, interviews & videos, roadmaps, flagship

3 Our understanding of anticipatory practices includes all practices which contribute to the formation of collective expectations. This is not the
same as an understanding of anticipatory practice or behavior as “a behavior that ‘uses’ the future in its actual decision process” (Poli, 2017, p.1). In
the latter, the emphasis is given to the activities which build on future assumptions. Our understanding rather highlights the activities which lead to
the formation of these assumptions. We assume that anticipatory practices indeed often affect decision making, but it is also possible that some are
less effective. Still, as explained, we are interested in both aspects and the relation between both.
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documents), selected on the basis of themes raised in the interviews and in relevant social media.
The recursive, mixed method approach enabled us to trace a broad variety of interrelated practices and expectations. Still, the

graphene field is wider than what is represented by our empirical material and our geographical scope is limited to Europe and the
US.

The presentation of the argument is based on distinctive sets of practices which are related to particular arenas. While these
arenas and sets of practices are characteristic for certain actor groups and develop in a temporal sequence, it is important to note that
the distinction between them is analytical. Actors may participate in a variety of practices and arenas (Bakker et al., 2011). Thus,
actors and practices may sometimes overlap and link different arenas, as will become apparent in the first two arenas studied in the
following. Furthermore, as will be seen, each of these sets of practices contributes to the constitution of the other, and there is
temporal overlap between them.

4. The promises of graphene

This section analyzes the development and evolution of the graphene field through three arenas of expectations in which the
future of graphene has been shaped. Each of these arenas relates to specific sets of anticipatory practices and particular actor groups
that have shaped graphene. The first arena is constituted around the interplay between science actors and the scientific publishing
system where graphene emerged as a techno-scientific field.4 The second arena is constituted by the processes around large-scale
public funding mechanisms and the specific practices attached to them, where expectations of graphene are articulated in relation to
its economic and societal implications. In the third arena intermediary organizations and other market actors develop and shape the
emergent graphene market. Expectations related to graphene have evolved through these three spaces, as graphene has moved from a
scientific field into a marketable technology in the process of commercialization.

4.1. The high profile science publishing arena

When Andre Geim decided to direct his recently arrived Chinese PhD student5 to isolate graphene from graphite he was not
expecting to win a Nobel Prize, although he was thinking big. Why don’t we make a transistor out of graphite? he suggested to his
collaborators (Whittel, 2014). But for these ‘Friday night experiments’,6 things turned unexpectedly positive, and very interesting
results were obtained by the end of 2003. Through mechanical exfoliation (repeated peeling by a scotch tape) Geim’s lab was able to
isolate graphene of a few layers, so far presumed to be unstable, and observe some of its unique electronic properties. These were not
just interesting measurements, but promised to reconnect high-energy and condensed matter physics by enabling the study of
quantum phenomena at room temperature (Interview 18, graphene researcher). The two Russian scientists felt they had a major
finding, so they aimed at the most prestigious scientific journal - Nature. The road proved to be trickier than expected, and the paper
was finally out in 2004, though not in Nature, where it was rejected twice, but in Science in October 22, 2004 under the title ‘Electric
Field Effect in Atomically Thin Carbon Films’ (Novoselov et al., 2004). In the meantime, the paper has become the most cited paper in
Science ever7, which is an indication of the scientific importance of the paper, but at the same time also of the quick expansion of the
field.

This short paragraph summarizes the foundational myth of graphene: two Russian scientists isolate, only with scotch-tape, an
amazing material that revolutionizes physics, electronics, and potentially the world. While there are many nuances to the story
(Dresselhaus & Araujo, 2010; Dresselhaus & Terrones, 2013), this is the myth which has partly fueled the hype on graphene. One
important feature of this story is the importance assigned to publishing in high-impact journals (or glossy magazines, as Geim has
referred to them in his Nobel lecture) such as Nature and Science (Palla et al., 2015). These journals played an important role in
shaping graphene expectations already at its early stages and in supporting its development into a quickly expanding and high-
promise techno-scientific field. Not only by publishing research results, but also by actively helping to form expectations and a
graphene community.

While the breakthrough paper of 2004 did not make it into Nature, the long relationship between Nature and Geim & Novoselov
started already with a publication in 2005. This paper appears in the format of a Letter, a type of article which is targeted at
presenting outstanding findings supposed to be of interest to scientists in other fields. It introduces graphene to the scientific
community as a bench-top model for quantum measurements, that is, it allowed to make quantum measurements at room tem-
perature (Novoselov et al., 2005). This particular property of graphene mobilized the interest of a large scientific community. After
this, graphene-related publications sustained and increased. To date, Nature journals have published more than 50 papers authored

4 The concept is used to highlight the current emphasis on applicability and the increasing role of the development of technology in scientific
research. Techno-science is distinguished from “science” on the emphasis of the former in using scientific theories to “make things work”, in contrast
to the latter, that uses technologies in order to create phenomena and make representations (Nordmann et al., 2011). For example, the contrast of
chemistry as a science, and biotechnology as a techno-science.

5 Da Jiang, his first PhD student at Manchester arrived in 2002. However, it was not Da Jiang’s approach, but Oleg Shklyarevskii’s approach that
enabled the first isolation of graphene. (Geim, 2010).

6 Experiments unrelated with one’s official source of funding done outside working hours. Geim’s Friday night experiments include floating frogs
that gave them the Ig Nobel Prize. The Ig Nobel Prize is a ‘parody’ of the Nobel prize, given to scientific discoveries that make people laugh first, and
then think.

7 More than 30.000 citations in Scopus by April 2018.
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by either of these authors. Additionally, Nature journals have published more than 1000 graphene-related papers. Besides the
number, it is the type and content of the publications and its influence in shaping particular expectations that is interesting.

One largely cited8 publication of graphene is a review paper of 2007 titled ‘The rise of graphene’ (Geim & Novoselov, 2007). This
paper announces: ‘the graphene “gold rush” has begun’ (pg.183). The publication looks into the future of graphene building on a
review of its past and the past of other relevant nano-materials. It makes explicit claims about future directions and economic and
innovation prospects of the emergent field, only two years after the isolation of graphene. It mentions possible applications in
composite materials, batteries, quantum computing and electronics. The authors tell us that ‘(…) only the very tip of the iceberg (in
graphene research) has been uncovered so far’ (pg.190); many experimental groups still do not have relevant research and therefore
no comprehensive review is possible to the date. The authors go on to state, however,

‘(…) graphene is not a fleeting fashion but it is here to stay, bringing up both more exciting physics and perhaps, even wide-
ranging applications’ (Geim & Novoselov, 2007, pg.190).

In fact, the paper appears as a nicely elaborated invitation to the broader scientific community to join the graphene “gold rush” by
doing a fantastic job of articulating diverse expectations. It defines the field of graphene by reviewing the most promissory scientific
findings, acknowledging its past and looking into the future, under the authoritative figure of one of its founders. It does so by relying
largely on the physics and referring rather casually to the promises of graphene, linking it to the history of other promissory materials
such as carbon nanotubes.

In addition to the research papers themselves, Nature has published a number of editorials, features and comments on graphene.
With regard to one of these first commentaries entitled ‘Moving towards a graphene world’ (Van Noorden, 2006) and discussing
graphene’s potential in electronics and recent advances in producing graphene (Van Noorden, 2006), a Nature journalist explains:

(…) Clearly this is an article commissioned because, the Nature editors, who are separated from journalists, had accepted this
research paper. And (…) I don’t know if you know but science journals will often keep press releases of papers that are going to
come out on an embargo basis. So obviously we’ve seen that and we think this is an interesting material and try to make a news
piece to a wider view about what graphene was. (And in reference to the aim of the paper, he adds) (…) people slightly outside of
the field (…) can read that and realize that this is a field that they should be interested in, because they never read that original
paper.(…) (Interview 24, science journalist, June 2013)

He explains how this particular form of publication, the News feature in Nature, is used to spread expectations about new exciting
science among an extended community of researchers. He also comments on the practice of attaching commissioned press releases to
papers that are going to be published, which increases the attention to a broader audience. He furthermore points to the particular
role of Nature in mediating between the scientific and public audience.

Nature Publishing also owns Scientific American, so that is more public realm, but let me just say that many of the articles are
taken up by The Guardian and so on, so this case of a mixed audience is interesting, often Nature articles get referred to in mass
media articles, in the BBC or in the New York Times. (Interview 24, science journalist, June 2013)

This editorial was indeed quoted and taken up in English-speaking news items.9 So, particular publishing formats served to open
up the graphene field beyond the physics community, helped to spread expectations about potential applications and to set up the
requirements to meet these expectations, namely, the issue of finding suitable production methods.

From the first publication in Science onwards, the expectations about graphene are explicitly connected with an overarching,
prominent expectation: the end of Moore’s law, the common assumption in the electronics world that the trajectory of decreasing size
and increasing capacity of silicon-based computer chips may reach its physical limits soon. It was suggested that graphene could
provide a solution as the basis of the next generation of transistors. Specifically, the reference to graphene in electronics is made in
the progress article of 2007, ‘The Rise of Graphene’ which is cited in the 2007 edition of the International Technology Roadmap for
Semiconductors (ITRS) roadmap (ITRS, 2007), the roadmap that supports the continuation of Moore’s law. In fact, the idea that a new
nano material would provide new ways of dealing with the limits and limitations of Moore’s law is not new (Choi & Mody, 2009;
Spinardi, 2012) and it has played a central role in the development of nanotechnology as a field, particularly in the US (2009,
McCray, 2005). In relation to this, a journal editor reflects,

It is interesting that there seems to be almost a receptive environment (in the science media) for people to come and say this is a
wonder material that is going to do all these great things in electronics. It’s almost like we were prepared for that (…) because
there has been a lot of talk over the past 10, 15 years of how silicon, microelectronics is reaching its limits. No one knows what’s
going to come next but everybody is expecting that something will come next because we gotta keep up with Moore’s law, the
computer companies have expectations that they want to meet now. And so the idea that graphene might solve all of these
problems seems to be an attractive one and comes on time for that reason. (I.23, journal editor, July 2013)

Enabling a new type of transistor was a powerful initial expectation in the early stages of graphene development, despite being
soon considered unfeasible because of the lack of a band gap in graphene. Nevertheless, it contributed to spread expectations beyond
a specialist scientific community and create attention for the possible applications of graphene.

8 More than 22.000 citations in Scopus by April 2018.
9 According to a search using the LexisNexis database.
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We would like to argue that the role of high-impact journals, here exemplified by the role of Nature in shaping the graphene field,
goes beyond providing a platform for the circulation of expectations voiced by scientists and selecting papers according to rigorous
scientific criteria. These high profile journal publications became a core element in the structuring and expansion of a network of
researchers in graphene, represented by the articulation of specific expectations, and the mobilization of a quickly growing and
increasingly varied community10 into the field, thus clearly also providing an enacting role. Researchers such as Geim and Novoselov
strategically decide to publish their results through this medium, and furthermore, engage in expectation building activities with
their support. This arena comprises various practices: scientific publishing of different formats, press releases, editorial choices, and
others such as the distribution of these publications though mass media, social media, conferences, and other networks. Through
these, the emergent graphene research agenda gained legitimacy when the expectations produced by these practices were interlinked
and framed in relation to broader expectations – such as Moore’s law. These practices are reinforced by an institutional context that
gives high value to publications in high impact journals and that encourages the framing of scientific results in terms of its potential
applications and value.

The early interest in graphene, shared by a growing, and increasingly diverse scientific community, soon expanded into a new
arena constituted around a particular large scale European public funding programme, a new science governance instrument, re-
cently launched by the European Commission. This was the beginning of the Graphene Flagship, where scientific visions met policy
expectations about the material, a process analyzed in the next section.

4.2. The European public funding arena

In October 2010, Andre Geim and Konstantin Novoselov received the Nobel Prize in Physics ‘for groundbreaking experiments
regarding the two-dimensional material graphene’.11 This event marked the beginning of graphene in the public sphere. Shortly
before the announcement of the Nobel Prize, a group of European scientists presented graphene as one of the early 26 candidates for
the Future & Emerging Technologies (FET) flagship scheme. The scheme required a Europe-wide, bottom-up scientific project that
would bring innovation, growth, and address societal challenges. In the first presentation of the graphene proposal, in 2010, the
project was framed as taking graphene ‘from the Nanolab to reality’ by addressing the issue of large-scale production (Kinaret, 2010).
Actually, other proposals submitted for the flagship scheme were formulated more closely to the terminology of societal challenges
(European Commission FP7, 2011; Interviews 12 and 23). Nevertheless, by 2011 the Graphene Flagship was among the last six
finalist proposals. A scientific coordinator of the flagship pointed out the need to adapt the expectations as they had emerged in the
science arena to the frames of the policy arena, and to the requirements and selection criteria of the funding scheme:

We took the opportunity to apply to the flagship within a concept that was suggested by the European community. And im-
mediately we thought, how do we make graphene broad and with broad societal impact because that was what the (EU) was
looking for. They were looking to fund a project that had societal impact and so on and so forth. (later he adds) in order to be
selected you have to comply with the requirements, and one of the requirements was this vision, we needed to have this vision.
(Interview 3, scientist and flagship member, May 2013).

The process of specifying the expectations intended to guide the future work of the flagship was facilitated by a common an-
ticipatory practice, the development of a roadmap, which was a requirement of the funding application process (Boch, 2011). The
specific form of the roadmap and the specific process towards it were defined by the flagship applicants. The process chosen proved to
have a significant impact for the governance of the graphene community. The roadmap was created by building on an open online
consultation which gathered numerous inputs via a public website, and in this way also created many expectations on the project
itself (Interview 16, flagship member, January 2013). In a conference, one of the roadmap coordinators stated that during this open
call period they received so many proposals and ideas, that it was hard to include them all. Therefore, the proposals to be considered
in the eventual roadmap were selected by an expert group, which therefore did not only contribute to exclusion of ideas, but also of
research groups who had initially responded to the call. This created some skepticism among parts of the scientific community and
diminished, to some extent, the perceived trust in the process of setting up the flagship. The roadmap exercise did not only give shape
to and legitimize a common vision of the consortium, but also mobilized the European scientific graphene community, and served to
decide who was in or out. As noted by Kearnes (2013), roadmaps perform the double function of crystalizing discourse about a field
and of defining the network of actors that constitute this field.

The roadmap of the Graphene Flagship which eventually resulted from this process was considered the ‘crown jewel’ of the whole
proposal by one of its coordinators; it was supposed to give direction to graphene research not only within the already large flagship
program, but also to the graphene community worldwide.

(…) before that there was no roadmap for graphene and now there is a clear direction for the next few years. (…) You know the
semiconductors, there is the ITRS, so this would be the equivalent for graphene and related materials (…) we want to make it
public, accessible for everybody, as the ITRS. It will be a very important document and as soon as it’s out people will criticize [it],
so we will improve it, we will get more inputs from industry so we can improve the roadmap and get better results. The roadmap is
key to achieve better results, it will give the direction to the future to the entire community, not only the community within the

10 According to the Scopus database, 65% of the papers published in 2004-2007 and mentioning ‘graphene’ have been categorized as relating to
‘physics and astronomy’, whereas in 2014-2017 the share dropped to 37%.

11 http://www.nobelprize.org/nobel_prizes/physics/laureates/2010/press.html

C. Alvial-Palavicino, K. Konrad Futures xxx (xxxx) xxx–xxx

6

http://www.nobelprize.org/nobel_prizes/
http://physics/laureates/2010/press.html


flagship but the entire community in the world (…) it has a similar structure but at the moment is not so detailed as the ITRS is,
because it is the first time it is done. (…) There are two graphs, they look similar to the graphs that are in the [ITRS], and there are
tables that look similar to the tables that are in the ITRS. In the next step we are going to standardize the roadmapping process and
create something very similar to the ITRS. (Interview 3, scientist and flagship member, May 2013)

This quote further highlights that in deciding for the particular roadmapping practice to be deployed, the coordinators were
strongly inspired by another, firmly established anticipatory practice, which is well known for its effectiveness in coordinating,
guiding and thus governing the semiconductors industry: the ITRS, the roadmap of the semiconductors industry that supports the
continuation of Moore’s law. For many of the interviewees, particularly from the science domain, the ITRS is a model roadmap. Some
researchers saw the translation of the rules of this particular practice to the graphene field as rather unproblematic, and aimed to
make it even more similar to the ITRS in the future, as shown by the quote above, while others reflected on the different context of the
practice, mentioning that ‘the difference is that the semiconductor industry is large, well established, a little more predictable because
it exists basically, and it’s large. In the case of graphene it is different’ (Interview 12, graphene scientist, June 2013). Still, this same
researcher acknowledges the expected general coordination function of the roadmap when adding that doing this roadmap in itself is
a ‘good exercise’ as it allows the writers of the roadmap to find ‘consensus in objectives’ and because it ‘synchronizes the activities of
all the groups, also those that don’t write it but use it’.

This roadmap was translated into a publication in Nature, called ‘A roadmap for graphene’ (Novoselov et al., 2012), thus linking
up with the practice of review papers well established in the science space, and which can function as an anticipatory practice as well
as introduced in section 2. In relation to this publication, a Nature journalist explains that

(…) they (journal editors) like reviews because they get more citations, these are more cited articles. But also it’s a service to
scientists, people want to know what’s going on. Now in this particular case this roadmap was colored by the fact that graphene
was in the bidding for 1 billion euros European funding, which did actually win, so at that time all the projects that were in the
bidding were trying to write reports and reviews on the potential of the entire field. And I think that this review was tied to this
type of interest of where are we now, and where are we going. (Interview 24, science journalist)

The roadmap publication spares no expectations, and, as the journalist alludes, it was probably strategically published to support
the flagship selection process. The paper begins by asking whether graphene could become the next disruptive technology, adding
that the material has the potential to both replace existing materials and create radical changes. The document deals with a diverse
number of applications and forms of production of graphene, presenting a hierarchy of applications and introducing requirements for
graphene to be really disruptive in relation to existing industries (Novoselov et al., 2012). Graphene is portrayed as the next dis-
ruptive technology. This view is now common not only within science, but has spread into other contexts such as research policy
(InnovationUnion, 2011; UniversityofManchester, 2012).

Later, the full roadmap document (over 300 pages) was published in the journal Nanoscale (Ferrari et al., 2015). Thus, there are
three different roadmap publications associated with the flagship: The roadmap submitted for the flagship application (Kinaret,
2012), the Nature publication, and the publication of the full roadmap. These multiple versions of the roadmap indicate the different
functions this practice has had for the flagship, both of a selecting and an enacting role. In the first two cases, the roadmap was part of
the application process and was used to legitimize and create momentum in the field. The latter, complete roadmap publication was
aimed at fulfilling an ITRS-like function: to guide and coordinate the graphene field and serve as a medium for discussion in relation
to its development for the future.

In January 2013, the Graphene Flagship was selected as one of the two consortia to be funded by the European Commission FET
program. Scientific excellence aside, there were additional developments that help to explain its success. The ongoing patent race on
graphene, in which Europe was behind, was related to the European Paradox (Interview 71,016), a belief according to which Europe is
able to do excellent research, but is less capable to capitalize on the resulting innovations. Would this be the case for graphene? Early
assessments of the patent landscape (IPO, 2013) showed that while Europe was the leader in publications, it lagged very far behind
Asia and the US in terms of patents. The flagship was partly a response to this concern.

While the flagship was announced as a one billion euro project, the actual size of funding was a promise. It would have to be
negotiated every year with the EC under changing conditions of financing (Peplow, 2013). The scheme was expected to mobilize
enough attention so it would be able to deliver the promised amount of funding. A member of the FET program from the European
Commission said:

(…) if in the end the flagship becomes a big success we will not need all the EU funding, we managed to generate enough interest
from other people putting money and our money becomes only a catalyst, so to speak, for the funding. (Interview 7, member
European Commission, June 2013)

That is, the flagship does not only build on the promise of graphene, but it is explicitly supposed to further support this promise,
which is also reflected in the funding rules. The FET Flagship funding scheme was the first of its kind, and therefore high expectations
were placed on the scheme itself, as it is expected to prove the ability of the EC to boost innovation and coordinate a European–wide
network of researchers for this purpose. Graphene fit these requirements, because there was already a vibrant community of re-
searchers and companies working on fulfilling its promises. As discussed in a Nature news feature, the project has already been
successful in mobilizing additional funding by national governments and large industrial partners (Peplow, 2013), thus indicating
that the approach to both build on and reinforce the promise of graphene so far seems to have worked out well. Rhetorically, Jari
Kinaret, the director of the flagship, has even turned the promise into a fact by stating that instead of doubting the potential of
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graphene, ‘we should take graphene for granted’, as any other broadly used material (ibid: pg.327).
The anticipatory practices related to the application to the flagship funding scheme helped to coordinate the discourse of gra-

phene with the discourse on societal challenges promoted by the European Commission.12 What is more, new actors and anticipatory
practices became part of the new field and increasingly important, for example the ongoing patent race and its ability to connect with
visions of economic growth. The roadmap helped to coordinate this wide range of actors and mobilize further interest, creating a
hierarchy that is not only about applications of graphene, but also about which research groups will get funding at which time. The
promises that were articulated earlier through high-profile journals served as a basis to support its societal relevance and be funded
by such a large scheme. As we have shown, the expectations about the societal and economic relevance of graphene were perpetuated
in the funding scheme it was selected for, and Nature continued to play an active role in articulating expectations in the field.

4.3. The emerging technologies market arena

Let’s now turn to an essential component of the anticipatory discourse on graphene: the market. As explained, one of the main
objectives of the Graphene Flagship has been to contribute to economic growth. In these discussions there is implicitly a growing
attention to the value given to graphene, or rather the graphene market.

Anticipating the graphene market includes the development of forms of commercializing graphene as a tradable product. With
this, new actors and practices, particularly startups, large companies and consultancy firms, entered the graphene field and a new
arena emerged, centered around expectations of the commercial prospects of graphene. Many new graphene companies were created
around 2010, at the time when also the Nobel Prize was granted. While expectations are used strategically by all actors, market actors
have a particular interest in using expectations as a means to attract venture capital and other funding in the early stages of a
technology. Wüstenhagen et al. (2009) and Konrad et al. (2012) have shown that venture capitalists respond to expectation dynamics
in their investment behavior and partly try to shape expectations themselves. A CEO of a graphene company confirms the strong
effect that the boost in general graphene expectations by the Nobel Prize had on their firm.

We started (the company) just a few months before the Nobel Prize. And after the Nobel Prize interest just jumped. Our sales
jumped by factor of 5 in two months. (Interview 8,CEO graphene company, December 2013)

This graphene company, among many others, used the increasing attention for graphene to position themselves in this emergent
market, and engaged in expectation-building by issuing press releases, participating in conferences, and contributing actively to
social media.

Another important aspect is the different ways in which these new graphene companies obtain funding, and how it shows the
interrelation between certain practices and expectations across different spaces. The availability of venture capital for these com-
panies has fluctuated considerably during the years. Interest rose when Chemical Vapor Deposition (CVD) was introduced as a
production method for electronic grade, high quality graphene, particularly when the method proposed by Samsung was presented in
a Nature paper (Bae et al., 2010). This indicates that at the time, venture interest was fostered both by the Nobel Prize and by the
appearance of the new production method (Interview 8, CEO graphene company, December 2013). However, this interest dropped
when the multinational chemical company Bayer stopped its activities in carbon materials in May 2013 (Biondi, 2013). Following the
flagship announcement, interest was renewed, and some UK based companies went into Initial Public Offerings (IPO). To attract
investors, these companies relied on their patents portfolios, which are not necessarily used by the company in the long run (In-
terview 8 and 27, graphene companies’ CEO). Additionally, they also deployed market reports (Interview 27 CEO graphene company)
and publications such as the graphene roadmap (as seen in conferences attended) to legitimize the expectations of the future gra-
phene market, and thus the prospect for their own firm.

One of the challenges in this early stage was to set a value for the graphene market. At this point, a specific type of actor, so-called
promissory organizations, entered the field (Pollock & Williams, 2010). Promissory organizations use specific anticipatory practices
to translate expectations about a technology into a market, of which the most salient are technology events (Pollock & Williams,
2015). From 2009 onwards, specialized consulting organizations attempted to give a value to this market. Among these companies
was LuxResearch, IDTechEx, BCC and Cientifica, all well-known in the nano world (Bünger, 2008; Parandian, Rip, & te Kulve, 2012).
According to their assessments, the enthusiasm for graphene was higher than the actual value prospects for the graphene market.
Supposedly, the graphene market would not grow considerably in the following years because there was no unique killer applica-
tion13 enabled by graphene that could create a huge economic success in the short run (Cientifica, 2013; Kozarsky, 2013;
LuxResearch, 2009). The overall assessment was that graphene was overhyped.

The company IDTechEx referred to the graphene hype as a central dynamic to take into account when developing strategies in this
emerging field. This idea was presented in several conferences, press releases, webinars, and blogs, and spread across the whole
community. The core line of argumentation was to go against the hype. The practices characteristic of consultancy organizations,

12 The main focus of the FET Flagship funding scheme was in the development of large scale, frontier science projects. Societal relevance was
framed, mostly, in terms of the economic impact these initiatives could have through the development of new technologies. There was also some
discussion about the potential risks of graphene, but these were only articulated later. A more extended discussion about expectations related to the
societal impact of graphene can be found in Alvial Palavicino, (2016b)

13 Killer application refers to a technology that is highly necessary or desirable, with distinctive advantages over existing technologies that it
becomes the main source of value for a new market.
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particularly participating and organizing technology events, constantly enact their position in a community of technology actors.
They strike an interesting balance between criticizing expectations as hype and keeping expectations high, about graphene and
themselves, since these organizations make a living out of selling market reports, organizing events and seminars and offering
specialized services to companies.

The interest in graphene investment that preceded these events had been growing for some time. In addition to consultancy
organizations, many graphene business related websites appeared (Graphene-info.com, graphenetracker.com, the-
graphenecouncil.org, etc.). These websites are interesting because they operate somewhere in between a traditional media source,
available to a broader public, and a consultancy organization, deriving their knowledge to a significant degree from their particular
position in an extended network of actors in a field (Pollock & Williams, 2015: 38). The managers of these websites have a strong
belief in the promises of graphene and want to provide factual, ‘non-hyped’ information through the site, as illustrated by the
following quote by a website manager:

I wanted to write an independent page about that (graphene business) from my own, you know, experience (…) On the website I
try to get rid of that (hype, overpromising) so not to promote it (…) I try to be real, I don’t want to seduce people, no one is paying
me to advertise their company in the investment page (Interview 10, graphene website manager, June 2013)

Thus functioning as a ‘hub’ for graphene and strongly connected through social media (such as LinkedIn), these websites become a
place for reference and discussion, especially for companies. Members of graphene companies know the managers of the websites
personally, and endow them with insider information and perspectives (Interview 28, website manager, December 2013). At the same
time, these companies trust the managers of these websites and consider them ‘independent experts’ (Interviews 8, company CEO,
and interview 9, venture capitalist, 2014). Content-wise, these websites provide considerable information about the market dynamics
of the field (patents, companies, merges) and by doing so, help to shape this market and its future developments.

While these are only snapshots of the process of the commercialization of graphene, it gives us some insights into the type of
expectation dynamics and the multitude of actors we find in this space. One salient aspect is that in this arena, anticipatory practices
play an important role that enable the quantification and calculation of the future of graphene, and which highlight expectations
about market potential and business value in addition to scientific and technological expectations. These are performed by specialized
future actors, consultancy organizations that gain their legitimacy through various practices that range from networking to calcu-
lative models. While the sheer numbers itself provided by these reports are not the most relevant aspect (assessments can vary
considerably from one report to the other), it is the proposed type and path of the future that becomes a forceful element. Consultancy
companies have to create a space for themselves in the expectations business. Therefore they engage in a double, ambiguous role: on
the one hand engaging in practices of calculation, checking and selecting of expectations- making sense of the hype. On the other
hand, they have to keep and enact a certain level of expectation to ensure that this market space does not collapse completely (Alvial
Palavicino, 2015).

New companies use the existing enthusiasm for graphene to obtain capital, either by venture or IPOs. However, the availability of
venture capital fluctuates easily in relation to changes in the field, thus startup companies need to actively create and promote
expectations about their activities and graphene in general, in order to be able to keep up with funding opportunities while at the
same time deliver in relation to these expectations, avoiding the hype-disappointment effect. These companies embed themselves into
a network of expectations which is partly facilitated by specialized actors, websites and social media, where they find expertise and
check their peer’s performance in relation to future prospects.

5. Discussion

This paper has described the emergence of graphene as a techno-scientific field, by focusing on specific instances during its
development across three connected arenas of expectations: high-profile science publishing, the European public funding arena and
the emerging technologies market arena. We have followed how this field has been configured through different anticipatory
practices that are performed at different times and in different arenas, shaping graphene expectations and thereby mobilizing dif-
ferent actors, and creating various governance effects, such as the formation of networks or the channeling of funding. While some
core expectations are similar and keep some of their central elements (graphene as a disruptive technology), different aspects are
highlighted in each arena. Thus, the field evolves over time from ‘science’ to ‘innovation’ and ‘market’ as a result of the mobilization
and interaction of an increasing number of different arenas which engage their respective communities of actors and anticipatory
practices.

In particular, we show how different anticipatory practices shape expectations in graphene. These practices show different kinds
of performativity, understood as the process by which statements and their world are co-produced. We show how the practice of
publishing in high-impact journals such as Nature performs an important role in constituting and coordinating this academic field
through the circulation of specific expectations and agendas. This is not just providing guidance to actors, but defining the actor
community that is involved in the field. This performativity relates to the notion of the promise-requirement cycle as introduced by
van Lente (1993), in which tasks are recursively allocated to different actors in order to fulfill the promise. However, there is a second
type of performativity that refers to the way in which these journals, both authors as well as their editors and journalists, frame
graphene in terms of its societal and economic benefits. In this respect, and particularly through editorial work, the field is defined in
its techno-economic aspect. This second form of performativity can be referred to as what Skjølsvold (2014) has called “transfor-
mative” performativity in which futures transform or change ideas about what the technology could be. In the case of the flagship
application and its research roadmap, the effect of this explicit anticipatory practice goes beyond the coordinating effect that is often
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attributed to these instruments. What it produces is the arrangement and crystallization of a field, both at the discursive and actor
levels, creating inclusions and exclusions, and structuring spaces within the field (Kearnes, 2013; McDowall, 2012). The perfor-
mativity shown by intermediary organizations is manifested in its most “Callonian” sense by helping to constitute markets for
graphene. We show how this process is partly orchestrated by intermediary organizations, who mobilize and make sense of the figure
of the hype, and in doing so create certain specifications and requirements that shape the types of products, companies and forms of
value that compose the market for graphene.

More generally, we offer some reflections in relation to how a practice approach contributes to the study of expectations in science
and technology. A practice approach highlights the ways in which expectations are produced, be it in an enacting or selecting mode.
Actually, in line with the findings of Bakker et al. (2011, 2012) it appears that enacting and selecting are often two sides of the same
coin, respectively a result of the same practice. This became apparent for a number of practices which may at first sight be considered
as predominantly serving selection purposes – editorial practices of scientific journals, roadmapping, selecting project applications or
assessing market prospects; at the same time these practices enacted expectations to a wider audience.14 There has been little
research that pays attention to the context and the means by which expectations are created, circulated and shared, and the different
material and institutional settings in which such practices take place. We show how the way in which expectations are produced
matters for their performativity, and how spaces of negotiation of expectations, or arenas, are created and maintained. We are not
claiming that arenas are exclusively constituted by anticipatory practices, since scientific journals, funding schemes and market
assessments include many more facets, but nonetheless we have seen that certain anticipatory practices such as specific types of
scientific articles, roadmaps, technology events, or market forecasts constitute key elements in the described arenas, and each of them
structure expectations work in particular ways.

Therefore, the way expectations are produced varies across arenas of expectations, which can explain why certain expectations
are discussed in some arenas but not in others. At the same time, these practices create, change and connect arenas, either via the
expectations they produce or through the translation of practices into a different arena. This is the case of the graphene roadmap,
which has a coordinating effect within the flagship itself, but for market actors it provides mainly legitimacy. Practices also act in
combination, as it is the case of the multiple practices by which intermediary organizations shape the market for graphene, from the
development of market reports to their activities in conferences and social media. It is the specific arrangement of practices15 that
creates specific performative effects, and the expansion and rearrangement of anticipatory practices and arenas facilitates the ex-
pansion of an emergent field as Graphene.

In this paper, we have deliberately taken a bird’s eye perspective on a set of anticipatory practices shaping the expectations of a
particular technology field across its development, in order to highlight the variety of relevant practices and their performative
effects. It remains an important task for further research to exploit the framework of anticipatory practices in the context of new and
emergent technology fields, in order to scrutinize more closely the specific performative effects of certain anticipatory practices or
combinations thereof, and to evaluate different practices from a normative perspective.
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