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Expérimenter avec un morceau de Scotch®

Conditionné sous forme de rouleau, un ruban adhésif (généralement désigné par le terme « Scotch® ») est
constitué de deux couches solidaires l’une de l’autre : une couche « molle » sur la face interne (celle qui colle) et
une couche « dure » sur la face externe du rouleau (qui parait néanmoins souple car très fine). L’épaisseur de
l’ensemble est de l’ordre de quelques dizaines de micromètres. On propose d’étudier dans ce problème quelques
expériences mettant en jeu les propriétés — adhésives ou autres — des rubans adhésifs.
Certaines questions, repérées par une barre en marge, ne sont pas guidées et demandent de l’initiative de la part
du candidat. Les pistes de recherche doivent être consignées ; si elles sont pertinentes, elles seront valorisées. Le
barème tient compte du temps nécessaire pour explorer ces pistes et élaborer un raisonnement.
Ce sujet est accompagné d’un document réponse à rendre avec la copie. Ce document réponse comporte égale-
ment une annexe et regroupe des données numériques.
Les quatre parties sont indépendantes entre elles.

I Pelage d’un ruban adhésif collé sur un substrat plan
I.A – Principe de l’essai de pelage
Pour tester les propriétés d’adhésion d’un ruban adhésif, on réalise généralement des essais de pelage. Pour cela,
on commence par coller le ruban adhésif à tester sur un support rigide. Puis on mesure la force 𝐹𝑝 = ∥ ⃗𝐹𝑝∥ qu’il
est nécessaire d’appliquer à l’extrémité du ruban pour le décoller du support tout en maintenant un angle 𝜃
constant entre le support et la portion de ruban décollée (figure 1).
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Figure 1 Pelage d’un morceau de ruban adhésif

I.A.1) Au niveau microscopique, les interactions qui permettent l’adhésion du ruban sur le support sont
des liaisons de van der Waals. Citer un autre type de liaison chimique et comparer qualitativement l’énergie de
liaison de ce type de liaison à celle d’une liaison de van der Waals.
I.A.2) En première approximation, la force de van der Waals entre deux molécules distantes de 𝑟 dérive

du potentiel de Lennard-Jones 𝐸𝐿𝐽(𝑟) = 𝛼
𝑟12 − 𝛽

𝑟6 , où 𝛼 et 𝛽 sont deux constantes positives.

a) Identifier, en justifiant la réponse, le caractère attractif ou répulsif de chacun des deux termes figurant
dans cette expression.
b) Représenter l’allure de 𝐸𝐿𝐽 en fonction de 𝑟. Indiquer graphiquement à quoi correspond l’énergie de liaison
entre les deux molécules.
c) Justifier qualitativement que le travail 𝑊𝑎𝑑ℎ que doit fournir l’opérateur pour décoller le ruban adhésif du
support est proportionnel à l’aire 𝐴 de la surface de contact entre le ruban et son support.

Pour la suite du problème, on note 𝑊𝑎𝑑ℎ = 𝛾𝐴, où 𝛾 est une constante positive caractéristique du ruban et du
support mis en contact.
I.A.3) On considère dans cette question que le décollement se fait de façon quasi-statique et que le ruban
est parfaitement inextensible. Le problème étant invariant par translation selon 𝑂𝑧, on raisonne dans le plan
𝑂𝑥𝑦. On rappelle que l’angle 𝜃 reste constant au cours de cette opération.
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a) Exprimer le déplacement élémentaire d ⃗ℓ𝐼 du point I (point d’application de la force ⃗𝐹𝑝) lorsque le front
de pelage (figure 1) progresse de d𝑥𝐿, ainsi que le travail 𝛿𝑊𝑝 de la force de pelage associé à cette progression.
b) En déduire l’expression de la force de pelage 𝐹𝑝 en fonction de 𝛾, 𝑏 et 𝜃.
I.A.4) Le dispositif utilisé en pratique est représenté sur la figure 2. Le pelage est réalisé au moyen d’une
tige horizontale, de rayon 𝑟0, en rotation autour de son axe, et sur laquelle s’enroule le ruban au cours de l’essai
(l’axe de la tige est fixe dans le référentiel du laboratoire et situé à une hauteur ℓ0 au-dessus du support). Le
support sur lequel est collé l’autre extrémité du ruban est animé d’un mouvement de translation horizontale à
la vitesse constante ⃗𝑉0 dans le référentiel du laboratoire.
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Figure 2 Schéma du dispositif pratique utilisé pour l’essai de pelage. Le
repère 𝑂𝑥𝑦 est lié au support de pelage. Les points 𝐼 et 𝐿 correspondent
aux limites entre les parties collée et décollée du ruban

a) Le repère 𝑂𝑥𝑦 étant lié au support, quelle loi d’évolution 𝑥𝐿(𝑡) devrait-on observer si l’angle 𝜃 reste
constant ?
b) On rappelle que le ruban est supposé inextensible. Comment doit-on choisir Ω et ∥ ⃗𝑉0∥ pour maintenir un
angle de pelage constant au cours de l’essai ?
c) Initialement, le ruban est positionné de sorte à avoir un angle de pelage 𝜃 ≈ 90°. Commenter ce choix.

I.B – Modélisation du comportement dynamique du ruban au cours de l’essai
La loi d’évolution de 𝑥𝐿(𝑡) prévue précédemment n’est pas toujours observée en pratique car le ruban présente un
comportement légèrement élastique. Au début de l’essai, le ruban commence en effet par se tendre sans se décoller.
Puis, lorsque la tension est suffisante, le décollement se produit brutalement, réduisant par conséquent la tension.
Le décollement s’arrête alors spontanément, jusqu’à ce que la poursuite du mouvement tende suffisamment le
ruban pour que le décollement reprenne, et ainsi de suite… Ce phénomène périodique, connu sous le nom de
« stick-slip » (ou « collé-glissé »), est à l’origine du bruit caractéristique du décollement d’un ruban adhésif :
« scriiich ».
Dans le référentiel ℛ lié au support de pelage, la dynamique du front de pelage s’apparente à celle du système
masse-ressort représenté sur la figure 3. La portion de ruban au contact du support est modélisée par la masse
𝑚 tandis que la portion décollée du ruban est modélisée par le ressort de raideur 𝑘, de longueur à vide ℓ0 et
dont l’extrémité 𝐼 est animée d’un mouvement rectiligne et uniforme à la vitesse ⃗𝑉𝑝 = − ⃗𝑉0. L’action du support
sur le ruban est modélisée par une force de frottement ⃗𝑓 = 𝑓 𝑢⃗𝑥 obéissant aux lois suivantes :
− la masse 𝑚 ne glisse pas sur le support tant que ∥ ⃗𝑓∥ < 𝐹𝑝 ;

− lorsque la masse 𝑚 glisse sur le support, la force ⃗𝑓 s’oppose au glissement et ∥ ⃗𝑓∥ = (1 − 𝜀) 𝐹𝑝 (avec 𝜀 une
constante telle que 0 < 𝜀 < 1).

On néglige l’action de la pesanteur sur l’évolution du système.
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Figure 3 Système modèle pour
l’étude du mouvement stick-slip

I.B.1) Le référentiel ℛ (𝑂𝑥𝑦𝑧) lié au support de pelage peut-il être considéré comme galiléen ?
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I.B.2) À l’instant 𝑡 = 0, on a 𝑥𝐿(0) = 0 et ℓ(0) = ℓ0. Exprimer la longueur ℓ(𝑡) du ressort pour 𝑡 > 0, en
fonction de ℓ0, 𝑉𝑝 = ∥ ⃗𝑉𝑝∥, 𝑥𝐿(𝑡) et 𝑡.
I.B.3) On suppose de plus que 𝑥̇𝐿(0) = 0. Montrer que l’évolution du système pour 𝑡 > 0 commence
nécessairement par une phase de stick (le ruban se tend sans se décoller). Déterminer à quel instant 𝑡0 se
termine cette phase.
I.B.4) Établir l’équation du mouvement de la masse 𝑚 lors de la phase suivante (phase de slip). Identifier
la pulsation propre 𝜔0 du système.
I.B.5) La solution de l’équation précédente s’écrit sous la forme

𝑥𝐿 (𝑡′) = 𝐶1 cos (𝜔0𝑡′) + 𝐶2 sin (𝜔0𝑡′) + 𝑉𝑝𝑡′ + 𝐶3 avec 𝑡′ = 𝑡 − 𝑡0

Déterminer les expressions des constantes 𝐶1, 𝐶2 et 𝐶3 correspondant à cette phase du mouvement.
I.B.6) Une simulation numérique permet de représenter l’évolution de la solution mathématique 𝑥𝐿(𝑡′)
précédente pour différentes valeurs de la vitesse de pelage 𝑉𝑝. Les paramètres choisis pour réaliser cette simulation
sont :

𝜀 = 0,15
𝐹𝑝

𝑘
= 1,0 mm 𝜔0 = 1,0 × 104 rad⋅s–1

Les courbes correspondant à 𝑉𝑝 = 2,0 m⋅s–1 et 𝑉𝑝 = 20 m⋅s–1 sont reproduites sur les figures A et B du
document-réponse. Ces courbes sont accompagnées des portraits de phase du système, pour lesquels on repré-
sente 𝑣𝐿(𝑡′) = d𝑥𝐿

d𝑡′ (𝑡′) en fonction de ℓ(𝑡′) − ℓ0.

a) Faire apparaitre, sur chacun des deux portraits de phase du document-réponse, le point représentatif de
l’instant 𝑡′ = 0. Indiquer, en le justifiant, quel est le sens de parcours de ces portraits de phase.
b) En justifiant votre raisonnement par des considérations graphiques précises, indiquer, pour chacune des
deux vitesses de pelage, si la phase de slip perdure indéfiniment ou si elle cesse à un instant 𝑡′

1 que l’on identifiera
clairement sur les courbes.
c) Dans le(s) cas où la phase de slip cesse, représenter (directement sur les figures A et/ou B du document
réponse) l’allure de la solution physique 𝑥𝐿(𝑡′) réellement obtenue et du portrait de phase associé.

II Préparation du substrat préalablement à l’essai de pelage
Quel que soit le type de colle à déposer (y compris celle présente sur le ruban adhésif) et le type de surface
ciblée, on ne peut obtenir une force d’adhérence élevée et stable dans le temps qu’après un traitement chimique
préalable. Cela est particulièrement vrai pour les métaux pour lesquels le défaut de force d’adhérence provient
généralement de la fine couche d’oxyde ou bien de lubrifiants, d’huile de coupe, de graisse d’étirage, etc. dus au
procédé de fabrication, présente à la surface de la plupart des métaux.
Un traitement particulièrement simple et encore très souvent utilisé consiste à attaquer le métal avec un acide.
Ainsi, les atomes de surface sont oxydés et partent en solution entrainant avec eux les oxydes et autres impuretés.

II.A – Comparaison de différents acides minéraux
Dans cette partie on va comparer trois acides forts : les acides chlorhydrique (HCl en solution dans l’eau),
sulfurique (H2SO4 en solution dans l’eau) et nitrique (HNO3 en solution dans l’eau) en vue de décaper localement
une surface métallique. Les données numériques utiles sont regroupées à la fin de l’énoncé.
II.A.1) Donner les structures de Lewis de HCl et de H2SO4 sachant que l’élément soufre est situé en dessous
de l’élément oxygène dans la classification périodique.
II.A.2) On souhaite décaper une surface de cuivre (c’est-à-dire éliminer une partie des atomes de cuivre
Cu(s) à la surface du métal). Parmi les trois acides présentés ci-dessus, expliquer quel(s) acide(s) il est possible
d’utiliser et le(s)quel(s) il n’est pas possible d’utiliser.

II.B – Étude d’une étape de la synthèse de l’acide sulfurique
L’acide sulfurique est très souvent utilisé dans l’étape de décapage (parfois en combinaison avec de l’acide
nitrique, du sulfate ferrique…). Il est obtenu industriellement par hydratation du trioxyde de soufre SO3 obtenu
par oxydation de SO2, lui-même issu du traitement du soufre.
On considère la réaction, à l’équilibre thermodynamique, d’équation :

SO2 (g) + 1
2

O2 (g) = SO3 (g) (II.1)

Le taux de conversion 𝛼 de cette réaction est défini par :

𝛼 =
𝑛SO3

𝑛SO3
+ 𝑛SO2
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La composition du système est systématiquement donnée en fraction molaire.
II.B.1) Optimisation des conditions expérimentales
Les figures 4, 5 et 6 présentent l’évolution du taux de conversion en fonction de la température pour différentes
conditions opératoires. En analysant chacune de ces figures, proposer un ensemble de conditions opératoires
permettant d’optimiser le taux de conversion de la réaction d’oxydation du dioxyde de soufre.
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Figure 4 Influence de la pression

400 450 500 550 600 650
0,5

0,6

0,7

0,8

0,9

1

III

II
I

Température (°C)

Ta
ux

de
co

nv
er

sio
n

Courbe O2 (g) N2 (g) SO2 (g)
I 14% 79% 7%
II 12% 79% 9%
III 9% 79% 12%

Compositions initiales
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II.B.2) Choix de la température – Approche théorique
Dans la suite de cette partie, on se place dans l’approximation d’Ellingham, c’est-à-dire que les variations
de l’enthalpie standard de réaction et de l’entropie standard de réaction avec la température sont supposées
négligeables.

a) Montrer que la constante d’équilibre 𝐾 de la réaction (II.1) vérifie la loi ln 𝐾 = 𝑘1 + 𝑘2
𝑇

où 𝑇 est la
température du milieu exprimée en kelvin.
b) Préciser les valeurs numériques de 𝑘1 et 𝑘2.
c) Confronter l’expression de ln 𝐾 au choix des paramètres d’optimisation du processus discuté précédemment.
II.B.3) Choix de la composition du système – Approche théorique
a) Exprimer le taux de conversion 𝛼 en fonction de la pression partielle en dioxygène du milieu 𝑃O2

, de la
constante d’équilibre de la réaction 𝐾 et de la pression standard 𝑃 ∘.
b) Confronter l’expression obtenue au choix des paramètres d’optimisation du processus discuté précédem-
ment.
II.B.4) Pour déterminer s’il est préférable de travailler en présence de dioxygène pur ou d’air, on considère un
système à l’équilibre auquel on ajoute une quantité d𝑛𝑁2

de diazote, tous les autres paramètres étant inchangés.
Le système se retrouve alors dans un état hors équilibre caractérisé par un quotient de réaction 𝑄.
a) Exprimer 𝑄 en fonction de la pression totale 𝑃, de 𝑃 ∘, des quantités de matière à l’équilibre et de d𝑛N2.
b) En déduire le sens d’évolution du système hors équilibre suite à l’ajout de diazote à 𝑇 et 𝑃 fixés. Confronter
ce résultat au choix des paramètres d’optimisation du processus discuté précédemment.
c) Dans la pratique, le dioxygène pur n’est jamais utilisé. Proposer une explication.

III Mesure de la biréfringence d’un ruban adhésif
Dans toute cette partie, l’air est assimilé au vide et on note 𝑐 la célérité de la lumière dans le vide.

III.A – Préambule : Mesure d’une différence d’indice optique à l’aide d’un interféromètre de
Mach-Zehnder

On dispose de deux lames transparentes à faces parallèles, de même épaisseur 𝑒 (connue avec précision) et
d’indices optiques différents :
− une lame « de référence » (ℒ0), d’indice optique 𝑛0 connu ;
− une lame « d’essai » (ℒ𝑒), d’indice optique 𝑛𝑒 = 𝑛0 + Δ𝑛 (avec Δ𝑛 > 0).
Afin de mesurer Δ𝑛, on place chacune de ces lames dans un des bras d’un interféromètre de Mach-Zehnder
(figure 7).
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Figure 7 Schéma de principe de l’interféromètre de Mach-Zehnder et placement des lames étudiées.

De façon simple, l’interféromètre de Mach-Zehnder est constituée de deux lames semi-réfléchissantes et de deux
miroirs plans (tous ces éléments sont parallèles entre eux). La lame semi-réfléchissante placée en entrée du
dispositif est appelée lame séparatrice ; elle permet de diviser le faisceau incident en deux faisceaux secondaires
orthogonaux entre eux et de même intensité. Les deux miroirs plans (un dans chaque bras de l’interféromètre)
permettent d’orienter les faisceaux secondaires vers la sortie du dispositif. La lame semi-réfléchissante placée
en sortie du dispositif, rigoureusement identique à la lame séparatrice, est appelée lame combinatrice car elle
permet de superposer les deux faisceaux secondaires en direction de l’écran (ou d’un photodétecteur).
III.A.1) L’interféromètre de Mach-Zehnder est un interféromètre à division d’amplitude. Citer le nom d’un
autre interféromètre de ce type et dater approximativement son invention.
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III.A.2) Pourquoi n’est-il pas nécessaire d’accoler une lame compensatrice à la lame séparatrice dans ce
dispositif ?
III.A.3) Le faisceau incident est un faisceau de lumière parallèle. On suppose que les deux lames sont
orientées de façon à être éclairées sous incidence normale. Déterminer la différence de marche 𝛿 entre les deux
faisceaux en sortie de l’interféromètre.
III.A.4) Dans le cas où le faisceau incident est monochromatique de longueur d’onde 𝜆, exprimer l’intensité
lumineuse 𝐼 obtenue sur l’écran en sortie du dispositif (on se placera dans le cadre du modèle scalaire de la
lumière et on notera 𝐼0 l’intensité lumineuse obtenue sur l’écran en masquant l’un des deux miroirs). Décrire
brièvement ce que l’on observe sur l’écran.
III.A.5) Pour quelle(s) longueur(s) d’onde, l’intensité 𝐼 est-elle maximale ?
III.A.6) Proposer un protocole de mesure de Δ𝑛 à l’aide de ce dispositif (et de tout le matériel classique
d’un laboratoire d’optique).

III.B – Propagation d’une onde polarisée à travers un morceau de Scotch®

Le Scotch® est un milieu biréfringent, c’est-à-dire que son indice de réfraction n’est pas unique : il dépend de la
direction de polarisation de l’onde lumineuse qui le traverse. Pour la suite, on considère un morceau de Scotch®

assimilé à une lame plane à faces parallèles, orthogonales à l’axe 𝑂𝑧, d’épaisseur 𝑒. On envoie sur cette lame une
onde lumineuse plane, progressive (selon + 𝑂𝑧), monochromatique, polarisée rectilignement, et on admet que :
− pour une polarisation rectiligne selon 𝑂𝑥, l’onde se propage à la vitesse 𝑣0 = 𝑐

𝑛0
dans la lame, sans changer

de direction de polarisation ;
− pour une polarisation rectiligne selon 𝑂𝑦, l’onde se propage à la vitesse 𝑣𝑒 = 𝑐

𝑛𝑒
dans la lame, avec

𝑛𝑒 = 𝑛0 + Δ𝑛, sans changer de direction de polarisation.
Les axes 𝑂𝑥 et 𝑂𝑦 sont appelés lignes neutres de la lame.
L’origine de l’axe 𝑂𝑧 est choisie au niveau de la face d’entrée de la lame. On néglige tout phénomène de réflexion
partielle au niveau des faces de la lame.
III.B.1) En notation complexe, le champ électrique associé à l’onde incidente (dans le domaine 𝑧 < 0) s’écrit
⃗⃗⃗ ⃗⃗𝐸 (𝑀, 𝑡) = ⃗⃗⃗ ⃗⃗𝐸0 𝑒𝑗(𝜔𝑡−𝑘⃗⋅ ⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗𝑂𝑀), où 𝜔 est la pulsation de l’onde et ⃗⃗⃗ ⃗⃗𝐸0 un vecteur constant.
a) Exprimer le vecteur d’onde 𝑘⃗ correspondant à la situation étudiée.
b) Justifier que les vecteurs 𝑘⃗ et ⃗⃗⃗ ⃗⃗𝐸0 sont nécessairement orthogonaux entre eux.
III.B.2) On suppose dans cette question que l’onde incidente est polarisée rectilignement selon 𝑂𝑥. Expliciter,
en notation complexe, le champ électrique associé à l’onde au niveau de la face de sortie de la lame (en 𝑧 = 𝑒),
puis en un point quelconque du domaine 𝑧 > 𝑒.
III.B.3) L’onde incidente est désormais polarisée rectilignement selon la première bissectrice des axes 𝑂𝑥 et

𝑂𝑦 : ⃗⃗⃗ ⃗⃗𝐸0 = 𝐸0√
2

(𝑢⃗𝑥 + 𝑢⃗𝑦) (avec 𝐸0 = ∥⃗⃗⃗ ⃗⃗𝐸0∥).

a) En admettant que la biréfringence du Scotch® est un phénomène linéaire, donner en notation complexe
l’expression du champ électrique obtenu dans le domaine 𝑧 > 𝑒.
b) Après avoir traversé la lame, l’onde est-elle toujours polarisée rectilignement ?
c) Montrer que, si Δ𝑛 𝑒 = 𝑝𝜆 avec 𝑝 un entier et 𝜆 la longueur d’onde de l’onde dans le vide, l’onde émergente
est polarisée rectilignement dans la même direction que l’onde incidente.

III.C – Analyse d’une expérience
Au cours de l’année scolaire 2011/2012, un groupe de quatre élèves d’une classe de terminale a réalisé une
expérience de mesure de la biréfringence d’un ruban adhésif. Le principe de cette mesure est décrit dans le
document annexe (situé à l’intérieur du document réponse).
III.C.1) Présentation du dispositif
a) Comment peut-on s’assurer expérimentalement qu’un polariseur et un analyseur sont croisés (i.e. orientés
selon des directions orthogonales entre elles) ?
b) Comment procéder pour orienter les lignes neutres du ruban adhésif à 45° par rapport aux axes du
polariseur et de l’analyseur ?
III.C.2) Étalonnage du spectrogoniomètre
a) En admettant que le réseau est éclairé sous incidence normale tout au long de l’expérience et que les
relevés effectués correspondent au spectre d’ordre 1, déterminer le pas 𝑎 du réseau utilisé.
b) En pratique, quelles sont les principales sources d’incertitude sur la valeur de 𝑎 ainsi obtenue ?
III.C.3) Mesure de la biréfringence du Scotch®

a) D’après l’étude réalisée dans la sous-partie III.B, à quoi correspondent les « raies d’absorption » observées ?
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b) « En observant les spectres de la lumière après l’analyseur pour une ou deux épaisseurs de Scotch®, on
remarque que les spectres sont continus. On observe à partir de trois épaisseurs une première raie d’absorption. »
En déduire une estimation de la valeur maximale de Δ𝑛 sachant que l’épaisseur d’une couche du ruban adhésif
utilisé est 𝑒 = 28,0 µm.
c) À partir des différents résultats présentés dans le document et de ceux établis précédemment, proposer
une autre valeur expérimentale de Δ𝑛 pour le ruban adhésif étudié. Comparer à celle obtenue par les auteurs
du document et commenter.
III.C.4) Le dispositif {polariseur – ruban adhésif – analyseur} est en fait analogue à l’interféromètre de
Mach-Zehnder étudié dans la sous-partie III.A.
a) À quoi correspondent les deux bras de l’interféromètre ? Quel élément permet ici de réaliser la division
d’amplitude ?
b) Justifier la partie en italique dans l’affirmation suivante : « La plaque de verre est orientée de sorte que
les lignes neutres du Scotch® soient orientées de 45° par rapport aux axes du polariseur et de l’analyseur (car
c’est dans cette position que les contrastes sont les plus importants) ».

IV Obtention de graphène par le procédé d’exfoliation « au Scotch® »
Le graphène est un cristal bidimensionnel, constitué d’atomes de carbone répartis régulièrement sur un réseau
hexagonal en forme de nid d’abeille. En appliquant un simple morceau de Scotch® sur un cristal de graphite,
les physiciens Konstantin Novoselov et Andre Geim ont réussi, en 2004, à isoler et à observer une unique feuille
de graphène. Ils ont reçu le prix Nobel de physique en 2010 pour ces travaux. Le graphène s’est avéré être un
matériau fascinant, aux propriétés électroniques exceptionnelles et donne lieu, depuis 2004, à des recherches
variées à la fois en physique fondamentale et en physique appliquée.

IV.A – Diagramme de phases du carbone
Le carbone solide existe sous deux variétés allotropiques aux propriétés physico-chimiques très différentes : le
diamant (dur, cassant, transparent, isolant) et le graphite (mou, noir, conducteur). On donne sur la figure 8 le
diagramme d’état du carbone.
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Figure 8 Diagramme de phases du carbone

IV.A.1) Quelle est la forme stable du carbone à 0 °C sous 1 bar ?
IV.A.2) Sous quelles pressions le graphite peut-il se transformer en diamant ? Où peut-on rencontrer de
telles pressions ?
IV.A.3) Comment expliquer que des diamants puissent être achetés dans des bijouteries ?

IV.B – Structure cristallographique du diamant
Le diamant cristallise dans une structure cubique telle que les atomes de carbone forment un réseau cubique à
faces centrées et occupent un site tétraédrique sur deux en alternance.
IV.B.1) Dessiner la maille du diamant.
IV.B.2) Quelle est la compacité de l’édifice en supposant qu’il y a tangence entre atomes de carbone les plus
proches ?
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IV.B.3) La masse volumique du diamant vaut 3520 kg⋅m−3. En déduire la distance séparant deux atomes
de carbone.

IV.C – Structure cristallographique du graphite et comparaison
Le graphite présente une structure en feuillets superposés de type ABAB. Au sein d’un même feuillet, les
carbones ont une géométrie trigonale plane avec des angles de 120° et des longueurs de liaison de 141 pm. La
maille hexagonale associée à la structure est représentée figure 9.

Figure 9 À gauche : représentation schématique des feuillets du graphite vus de
dessus. À droite : maille hexagonale du graphite

IV.C.1) Déterminer le nombre d’atomes en propre par maille.
IV.C.2) La densité du graphite étant comprise entre 2,09 et 2,23, en déduire une fourchette pour la distance
entre deux feuillets.
IV.C.3) En comparant les différentes distances entre atomes de carbone rencontrées dans cette partie,
discuter la nature des liaisons C-C dans le diamant, dans les feuillets du graphite et entre les feuillets du
graphite. Commenter.

IV.D – Du graphite au graphène
Le graphène correspond à un unique feuillet d’atomes de carbones constituant le graphite. La figure 10 explique
comment obtenir un tel feuillet à partir d’un bloc de graphite (tiré d’une mine de crayon par exemple) et d’un
morceau de ruban adhésif.
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Uses of graphene
are likely to range
from aerospace to
biotechnology, but
its discoverers are
warning companies
not to expect an
immediate
revolution.
By Clive Cookson

Faster, stronger, bendier

Novak Djokovic, the Austral-
ian Open champion and
world number one tennis
player, strides on to court

with a weapons case – marked with
the letter “G” – handcuffed to his
wrist.

From it, he extracts a racquet made
partly from graphene, the first won-
der material of the 21st century. The
Serb’s languid first serve pulverises
the racquet of a hapless opponent
cowering in body armour.

Head, the Austrian sports equip-
ment maker, happily concedes its
advertisements are trading on global
hype and will not say how much of
the racquet is actually graphene. But
the company – like Samsung and IBM
before it – is not going to miss out on
a hubbub of excitement surrounding
the world’s latest miracle product.

Graphene is a sheet of carbon, only
one atom thick but extending indefi-
nitely in two dimensions. Its proper-
ties encompass an astonishing range
of superlatives, including better elec-
trical and thermal conductivity,
mechanical strength and optical
purity than any other material.

Research into graphene will receive
a €1bn boost from the EU today. Its
selection as a European “flagship”
programme for the next decade is the
latest in a surge of public and corpo-
rate support for work on a substance
that was unknown 10 years ago.

“Graphene’s many superior proper-
ties justify its nickname of a ‘miracle
material’,” says a recent “road map
for graphene” published in the journal
Nature by an international group of
scientists, including Kostya Nov-
oselov, who first isolated graphene
with Andre Geim at Manchester Uni-
versity in 2004.

The list of potential applications is
correspondingly vast. In electronics,
they range from ultra-fast transistors

to foldable computer displays and
light-emitting diodes; it promises
more efficient lasers and photodetec-
tors; it could transform electrical stor-
age and production from batteries to
solar cells. Composite materials con-
taining graphene could strengthen
aircraft wings and the biomedical
uses include tissue engineering and
drug delivery.

Prof Geim finds it impossible to sin-
gle out the most exciting or promising
applications. “The field is so vast and
developing so rapidly that to focus on
any particular direction would dimin-
ish the magnitude of the whole enter-
prise,” he says. “The number of exam-
ples is flabbergasting. Ten thousand
[research] papers were published last
year on graphene.”

Although there is no reliable esti-
mate of global expenditure on graph-
ene research, Prof Geim says the cur-
rent input must be about $1bn a year,
based on the published output.

Governments around the industrial-
ised world are pouring in money to
secure their participation in the
graphene revolution. Britain has com-
mitted more than £60m to keep the
country where it all started at the
forefront of research, pulling in con-
siderably more from companies want-
ing to collaborate with UK academics.

This month Manchester university
unveiled plans for the £61m National
Graphene Institute, to be completed
early in 2015, with the aim of being
“the world’s leading centre of graph-
ene research”. Cambridge university
announced last week a Cambridge
Graphene Centre, with about £30m of
research funding. The EU is already
spending millions of euros on graph-
ene research – and the Flagship
research programme will boost this
considerably. “The money will be dis-
tributed thinly around Europe,” says
Prof Geim. “You can look at this as a
huge €1bn seed fund to give compa-
nies more inducement to become
involved with European universities.”

As often occurs when a hot new
technology arises, there are concerns
in the UK and elsewhere in Europe
about being outpaced by American
and Asian competitors.

Some of this concern stems from
patent analysis. The latest by Cam-
bridgeIP, a UK-based technology strat-
egy company, shows that by the end
of 2012 there had been 2,204 graphene

tive and the UK has enormous poten-
tial to secure future value in the
graphene patent landscape.”

The UK and Manchester also have a
“brand advantage”, particularly fol-
lowing the award of a Nobel Prize to
Profs Geim and Novoselov in 2010.

There has been a high demand to
work with the new Manchester cen-
tre, says Prof Novoselov. “We want to
pick up perhaps five or six companies
– certainly no more than 10 – who will
come on-site to work with us. We will
learn from the technology they use in
their production and they will see sci-
ence at the frontier.”

Taking the patent figures at face
value, Samsung of South Korea leads
the corporate pack, with 407 published
graphene patents and patent applica-
tions, according to CambridgeIP. Next
comes IBM of the US with 134.

Although Samsung put out a flashy
advertisement in 2010 about bendy
consumer electronics made from
graphene and published a scientific
paper about a graphene transistor last
year, the company is coy about its
development of graphene devices.
Observers believe flexible display
screens will feature in its first graph-
ene products.

IBM is more forthcoming. Supratik
Guha, IBM head of physical sciences
research, says the company is work-
ing on high-frequency graphene tran-
sistors, new technology for laying
down graphene sheets for electronics,
and terahertz devices.

The terahertz region of the electro-
magnetic spectrum, lying between
infrared and microwave frequencies,
holds great promise in sensing, medi-
cal imaging and short-distance com-
munication. Terahertz waves pass
through plastics and living tissues but

scientists have struggled to control
them. “We can use graphene to modu-
late and control terahertz radiation,”
says Mr Guha.

Companies such as Samsung and
IBM had a head start because they
already had researchers working on
carbon nanotubes – essentially graph-
ene rolled up into molecular cylinders
– which share some of the properties
of graphene’s open atomic sheets.

Several small companies around the
world are making and selling graph-
ene. One is Graphene Industries, a
spinout from Manchester university.
“We sell single-crystal graphene
flakes to academic customers, includ-
ing IBM and most of the world’s semi-
conductor companies,” says Peter
Blake, chief executive.

Graphene Industries makes its
flakes by mechanical exfoliation, a
refinement of the “Scotch tape”
method originally used by Profs Geim
and Novoselov. The raw material is
graphite, a form of carbon mined in
several countries, which consists of
trillions of graphene sheets stacked
vertically. Using the right micro-
equipment, it is surprisingly easy to
peel off the sheets one by one.

A new report by Lux Research, a
consultancy, shows the market for
graphene growing from $9m last year
to $126m in 2020. “While an impres-
sive debut for a new material, this
growth is less than some of the hype
may suggest,” says Lux analyst Ross
Kozarsky. The report lists a large
number of graphene start-ups “bub-
bling with bold claims of cheaper and/
or better graphene from novel precur-
sors and processes” – and warns of
the threat of oversupply.

Products containing graphene, such
as Head’s racquet, are beginning to

commercial fruition in less than a dec-
ade. For many uses, the graphene will
require substantial chemical and
physical modification. Yet it is not too
soon for investors to track the field,
says Andrew Haigh, executive direc-
tor of Coutts, the wealth management
arm of Royal Bank of Scotland, which
has studied graphene patents. “It is
too soon to sell a ‘graphene fund’ but
we have hit graphene and we will
keep hitting it, because this knowhow
is going to be one of the key drivers of
the 21st century world,” he says.

Mr Tannock agrees. “Investors
should appreciate that graphene is,
despite rapid progress in R&D and
intense commercial interest, still at a
relatively early stage where the ‘time
to market’ for specific industrial appli-
cations will vary and can be lengthy.”
Even so, he adds: “Large-scale produc-
tion of high-quality graphene and
applications of graphene in compos-
ites, coatings and inks could all pro-
duce investor returns in the medium
term. In the longer term, complex
graphene deployments may result in
even greater returns on investment,
for example in the health and life sci-
ences.”

The discoverers of graphene warn of
undue expectations. “There is too
much hype and I believe it is impor-
tant to moderate expectations that
have gone ballistic,” says Prof Geim.

While he dismisses graphene ink
and tennis racquets as “small niche
products” riding on a tide of hype,
Prof Geim is confident the material
will eventually transform electronics,
energy, aerospace and biotechnology.
“Normally it takes 40 years for a new
material to move from academia to
consumer products, so graphene is
just a bambina,” he says.

ANALYSIS

Five recipes for graphene
Mechanical exfoliation

Applications

Sample size

Graphite block
(pencil lead)

Pressed
together

Pressed
down

Pressed
down

Peeled
off

Peeled
apart

Peeled
off

Graphite

Platelets

Platelets

O2 O2

O2

Solution

Ultrasound

Chemical exfoliation Chemical exfoliation via
graphene oxide

Chemical vapour deposition Silicon carbide

1  A sticky ‘tape’ is placed on to a block of 
graphite and then peeled back, stripping a 
thin layer off the top

1  Graphite is exposed to a solvent which 
with the aid of ultrasound causes it to 
split into individual mono-layer flakes or 
platelets

1  Related to chemical exfoliation but 
graphite pellets are first oxidised 

1  A substrate (usually copper) is heated 
in a furnace at low pressure to about 
1,000ºC. This anneals the copper

1  A small amount of silicon carbide 
(about 10mm x 10mm) is placed in a box 
with a small hole in it

2  The box is sealed in a vacuum or argon 
and heated to about 1,500ºC2  Methane and hydrogen gases flow 

through the furnace

3 Silicon molecules ‘evaporate’ from the 
surface, leaving a high quality layer of 
graphene

2  Prolonged treatment leads to 
many platelets

3  These mono-layers 
of graphene can be 
further enriched by 
centrifuge

2 This layer of carbon is thinned further by 
pressing it on to other layers of tape

3 The tape is finally pressed on to a very 
smooth substrate such as silicon then 
peeled off, leaving a graphene layer a 
single atom thick

Applications Applications

Infinite but with larger flake size than 
simple chemical exfoliation

Greater than 1mm
Sample size
Infinite as a layer of overlapping flakes

Sample size

Graphite
pellets

Heated copper substrate

Solution

Ultrasound

2  Pellets exfoliated in chemical solution 
to produce mono-layers of graphene 

Silicon
molecules

Mono
layer
flakes

Ultrasound

3  Solution is processed 
by centrifuge

4  Solution is deposited on to a substrate 
and reduced (chemically or thermally) to 
parent graphene state

Applications

Sample size
About 1m

Applications

Sample size
About 100mm

3 Carbon atoms from the methane
are deposited on to the copper. They 
crystallise as a continous graphene sheet

Silicon
Carbide

Sources: Benjamin Pollard, Department of Physics, Pomona College; Nature; Review Research; Electronics Weekly

Silicon

Tape

The wonder stuff
The strongest, most 
conductive, most flexible 
– and most hyped – 
material in the world 

Coating, paint, ink, composites, energy 
storage and bioapplications

The same as chemical exfoliation Photonics, nanoelectronics, sensors and 
bioapplications

Transistors and other electrical devicesResearch

emerge. Ralf Schwenger, head of rac-
quets R&D, says that adding graphene
to strengthen the shaft redistributes
weight to the racquet’s tip and grip,
which increases manoeuvrability.

Head used an Austrian gov-
ernment grant to work with
Taiwan’s Industrial Tech-
nology Research Institute to

develop the racquet. According to Mr
Schwenger, the incorporation of
graphene improves the racquet’s per-
formance by “a double-digit percent-
age” but he does not deny that the
company is taking advantage of
“hype” over the material for market-
ing purposes. “For us it helps that
graphene is out in the media and
there is some hype about,” he says,
“otherwise it would be more difficult
for us to sell the racquet.”

A quite different application just
reaching the market is “conducting
ink” containing graphene. Vorbeck
Materials, a start-up company in Jes-
sup, Maryland, is a leader here. John
Lettow, chief executive, says the flexi-
bility and durability of graphene-
based inks makes them perfect for
printed electronics such as smart
cards and high-security packaging.

Vorbeck is also developing lithium-
ion batteries with graphene electrodes
– another promising application. “We
can also make flexible batteries,
which might for example fit into the
strap of your bag to recharge your
cellphone while you’re out walking,”
says Mr Lettow.

Flexible screens for consumer
devices are likely to appear within
three years, though no one expects
the really big applications in electron-
ics, such as ultra-fast low-power proc-
essors and memory chips, to come to

‘Europe has not been
as aggressive in
patenting but it is at
the heart of graphene
work these days’

patent publications from China, 1,754
from the US, 1,160 from South Korea –
and just 54 from the UK.

But patent volumes do not tell the
whole story. Quality matters, too.
“Europe has not been as aggressive in
patenting,” says Luigi Colombo, a
graphene expert at Texas Instruments
of the US, “but Europe is at the heart
of graphene work these days.”

“The race for value from graphene
is far from over,” agrees Quentin Tan-
nock, chairman of CambridgeIP. “UK
inventors have a well-deserved repu-
tation for being particularly innova-

Speed read
●Discovered in Britain Andre Geim
and Kostya Novoselov isolated graphene
in 2004 at Manchester university and
won a Nobel Prize in 2010

●Patent wars Samsung and IBM have
led the charge to secure graphene
patents, sparking fears that the UK will
not build commercially on its research

●EU flagship Research into graphene
will receive a €1bn boost from the EU
today in a bid to keep the region at
the heart of work in this sector

On the web
Science To read more news, comment
and analysis on science, go to
www.ft.com/science
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world number one tennis
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From it, he extracts a racquet made
partly from graphene, the first won-
der material of the 21st century. The
Serb’s languid first serve pulverises
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Head, the Austrian sports equip-
ment maker, happily concedes its
advertisements are trading on global
hype and will not say how much of
the racquet is actually graphene. But
the company – like Samsung and IBM
before it – is not going to miss out on
a hubbub of excitement surrounding
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Graphene is a sheet of carbon, only
one atom thick but extending indefi-
nitely in two dimensions. Its proper-
ties encompass an astonishing range
of superlatives, including better elec-
trical and thermal conductivity,
mechanical strength and optical
purity than any other material.

Research into graphene will receive
a €1bn boost from the EU today. Its
selection as a European “flagship”
programme for the next decade is the
latest in a surge of public and corpo-
rate support for work on a substance
that was unknown 10 years ago.

“Graphene’s many superior proper-
ties justify its nickname of a ‘miracle
material’,” says a recent “road map
for graphene” published in the journal
Nature by an international group of
scientists, including Kostya Nov-
oselov, who first isolated graphene
with Andre Geim at Manchester Uni-
versity in 2004.

The list of potential applications is
correspondingly vast. In electronics,
they range from ultra-fast transistors

to foldable computer displays and
light-emitting diodes; it promises
more efficient lasers and photodetec-
tors; it could transform electrical stor-
age and production from batteries to
solar cells. Composite materials con-
taining graphene could strengthen
aircraft wings and the biomedical
uses include tissue engineering and
drug delivery.

Prof Geim finds it impossible to sin-
gle out the most exciting or promising
applications. “The field is so vast and
developing so rapidly that to focus on
any particular direction would dimin-
ish the magnitude of the whole enter-
prise,” he says. “The number of exam-
ples is flabbergasting. Ten thousand
[research] papers were published last
year on graphene.”

Although there is no reliable esti-
mate of global expenditure on graph-
ene research, Prof Geim says the cur-
rent input must be about $1bn a year,
based on the published output.

Governments around the industrial-
ised world are pouring in money to
secure their participation in the
graphene revolution. Britain has com-
mitted more than £60m to keep the
country where it all started at the
forefront of research, pulling in con-
siderably more from companies want-
ing to collaborate with UK academics.

This month Manchester university
unveiled plans for the £61m National
Graphene Institute, to be completed
early in 2015, with the aim of being
“the world’s leading centre of graph-
ene research”. Cambridge university
announced last week a Cambridge
Graphene Centre, with about £30m of
research funding. The EU is already
spending millions of euros on graph-
ene research – and the Flagship
research programme will boost this
considerably. “The money will be dis-
tributed thinly around Europe,” says
Prof Geim. “You can look at this as a
huge €1bn seed fund to give compa-
nies more inducement to become
involved with European universities.”

As often occurs when a hot new
technology arises, there are concerns
in the UK and elsewhere in Europe
about being outpaced by American
and Asian competitors.

Some of this concern stems from
patent analysis. The latest by Cam-
bridgeIP, a UK-based technology strat-
egy company, shows that by the end
of 2012 there had been 2,204 graphene

tive and the UK has enormous poten-
tial to secure future value in the
graphene patent landscape.”

The UK and Manchester also have a
“brand advantage”, particularly fol-
lowing the award of a Nobel Prize to
Profs Geim and Novoselov in 2010.

There has been a high demand to
work with the new Manchester cen-
tre, says Prof Novoselov. “We want to
pick up perhaps five or six companies
– certainly no more than 10 – who will
come on-site to work with us. We will
learn from the technology they use in
their production and they will see sci-
ence at the frontier.”

Taking the patent figures at face
value, Samsung of South Korea leads
the corporate pack, with 407 published
graphene patents and patent applica-
tions, according to CambridgeIP. Next
comes IBM of the US with 134.

Although Samsung put out a flashy
advertisement in 2010 about bendy
consumer electronics made from
graphene and published a scientific
paper about a graphene transistor last
year, the company is coy about its
development of graphene devices.
Observers believe flexible display
screens will feature in its first graph-
ene products.

IBM is more forthcoming. Supratik
Guha, IBM head of physical sciences
research, says the company is work-
ing on high-frequency graphene tran-
sistors, new technology for laying
down graphene sheets for electronics,
and terahertz devices.

The terahertz region of the electro-
magnetic spectrum, lying between
infrared and microwave frequencies,
holds great promise in sensing, medi-
cal imaging and short-distance com-
munication. Terahertz waves pass
through plastics and living tissues but

scientists have struggled to control
them. “We can use graphene to modu-
late and control terahertz radiation,”
says Mr Guha.

Companies such as Samsung and
IBM had a head start because they
already had researchers working on
carbon nanotubes – essentially graph-
ene rolled up into molecular cylinders
– which share some of the properties
of graphene’s open atomic sheets.

Several small companies around the
world are making and selling graph-
ene. One is Graphene Industries, a
spinout from Manchester university.
“We sell single-crystal graphene
flakes to academic customers, includ-
ing IBM and most of the world’s semi-
conductor companies,” says Peter
Blake, chief executive.

Graphene Industries makes its
flakes by mechanical exfoliation, a
refinement of the “Scotch tape”
method originally used by Profs Geim
and Novoselov. The raw material is
graphite, a form of carbon mined in
several countries, which consists of
trillions of graphene sheets stacked
vertically. Using the right micro-
equipment, it is surprisingly easy to
peel off the sheets one by one.

A new report by Lux Research, a
consultancy, shows the market for
graphene growing from $9m last year
to $126m in 2020. “While an impres-
sive debut for a new material, this
growth is less than some of the hype
may suggest,” says Lux analyst Ross
Kozarsky. The report lists a large
number of graphene start-ups “bub-
bling with bold claims of cheaper and/
or better graphene from novel precur-
sors and processes” – and warns of
the threat of oversupply.

Products containing graphene, such
as Head’s racquet, are beginning to

commercial fruition in less than a dec-
ade. For many uses, the graphene will
require substantial chemical and
physical modification. Yet it is not too
soon for investors to track the field,
says Andrew Haigh, executive direc-
tor of Coutts, the wealth management
arm of Royal Bank of Scotland, which
has studied graphene patents. “It is
too soon to sell a ‘graphene fund’ but
we have hit graphene and we will
keep hitting it, because this knowhow
is going to be one of the key drivers of
the 21st century world,” he says.

Mr Tannock agrees. “Investors
should appreciate that graphene is,
despite rapid progress in R&D and
intense commercial interest, still at a
relatively early stage where the ‘time
to market’ for specific industrial appli-
cations will vary and can be lengthy.”
Even so, he adds: “Large-scale produc-
tion of high-quality graphene and
applications of graphene in compos-
ites, coatings and inks could all pro-
duce investor returns in the medium
term. In the longer term, complex
graphene deployments may result in
even greater returns on investment,
for example in the health and life sci-
ences.”

The discoverers of graphene warn of
undue expectations. “There is too
much hype and I believe it is impor-
tant to moderate expectations that
have gone ballistic,” says Prof Geim.

While he dismisses graphene ink
and tennis racquets as “small niche
products” riding on a tide of hype,
Prof Geim is confident the material
will eventually transform electronics,
energy, aerospace and biotechnology.
“Normally it takes 40 years for a new
material to move from academia to
consumer products, so graphene is
just a bambina,” he says.
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1  Graphite is exposed to a solvent which 
with the aid of ultrasound causes it to 
split into individual mono-layer flakes or 
platelets

1  Related to chemical exfoliation but 
graphite pellets are first oxidised 

1  A substrate (usually copper) is heated 
in a furnace at low pressure to about 
1,000ºC. This anneals the copper

1  A small amount of silicon carbide 
(about 10mm x 10mm) is placed in a box 
with a small hole in it

2  The box is sealed in a vacuum or argon 
and heated to about 1,500ºC2  Methane and hydrogen gases flow 

through the furnace

3 Silicon molecules ‘evaporate’ from the 
surface, leaving a high quality layer of 
graphene

2  Prolonged treatment leads to 
many platelets

3  These mono-layers 
of graphene can be 
further enriched by 
centrifuge

2 This layer of carbon is thinned further by 
pressing it on to other layers of tape

3 The tape is finally pressed on to a very 
smooth substrate such as silicon then 
peeled off, leaving a graphene layer a 
single atom thick

Applications Applications

Infinite but with larger flake size than 
simple chemical exfoliation
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3  Solution is processed 
by centrifuge

4  Solution is deposited on to a substrate 
and reduced (chemically or thermally) to 
parent graphene state

Applications
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Applications
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3 Carbon atoms from the methane
are deposited on to the copper. They 
crystallise as a continous graphene sheet

Silicon
Carbide

Sources: Benjamin Pollard, Department of Physics, Pomona College; Nature; Review Research; Electronics Weekly
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emerge. Ralf Schwenger, head of rac-
quets R&D, says that adding graphene
to strengthen the shaft redistributes
weight to the racquet’s tip and grip,
which increases manoeuvrability.

Head used an Austrian gov-
ernment grant to work with
Taiwan’s Industrial Tech-
nology Research Institute to

develop the racquet. According to Mr
Schwenger, the incorporation of
graphene improves the racquet’s per-
formance by “a double-digit percent-
age” but he does not deny that the
company is taking advantage of
“hype” over the material for market-
ing purposes. “For us it helps that
graphene is out in the media and
there is some hype about,” he says,
“otherwise it would be more difficult
for us to sell the racquet.”

A quite different application just
reaching the market is “conducting
ink” containing graphene. Vorbeck
Materials, a start-up company in Jes-
sup, Maryland, is a leader here. John
Lettow, chief executive, says the flexi-
bility and durability of graphene-
based inks makes them perfect for
printed electronics such as smart
cards and high-security packaging.

Vorbeck is also developing lithium-
ion batteries with graphene electrodes
– another promising application. “We
can also make flexible batteries,
which might for example fit into the
strap of your bag to recharge your
cellphone while you’re out walking,”
says Mr Lettow.

Flexible screens for consumer
devices are likely to appear within
three years, though no one expects
the really big applications in electron-
ics, such as ultra-fast low-power proc-
essors and memory chips, to come to

‘Europe has not been
as aggressive in
patenting but it is at
the heart of graphene
work these days’

patent publications from China, 1,754
from the US, 1,160 from South Korea –
and just 54 from the UK.

But patent volumes do not tell the
whole story. Quality matters, too.
“Europe has not been as aggressive in
patenting,” says Luigi Colombo, a
graphene expert at Texas Instruments
of the US, “but Europe is at the heart
of graphene work these days.”

“The race for value from graphene
is far from over,” agrees Quentin Tan-
nock, chairman of CambridgeIP. “UK
inventors have a well-deserved repu-
tation for being particularly innova-

Speed read
●Discovered in Britain Andre Geim
and Kostya Novoselov isolated graphene
in 2004 at Manchester university and
won a Nobel Prize in 2010

●Patent wars Samsung and IBM have
led the charge to secure graphene
patents, sparking fears that the UK will
not build commercially on its research

●EU flagship Research into graphene
will receive a €1bn boost from the EU
today in a bid to keep the region at
the heart of work in this sector

On the web
Science To read more news, comment
and analysis on science, go to
www.ft.com/science
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Uses of graphene
are likely to range
from aerospace to
biotechnology, but
its discoverers are
warning companies
not to expect an
immediate
revolution.
By Clive Cookson

Faster, stronger, bendier

Novak Djokovic, the Austral-
ian Open champion and
world number one tennis
player, strides on to court

with a weapons case – marked with
the letter “G” – handcuffed to his
wrist.

From it, he extracts a racquet made
partly from graphene, the first won-
der material of the 21st century. The
Serb’s languid first serve pulverises
the racquet of a hapless opponent
cowering in body armour.

Head, the Austrian sports equip-
ment maker, happily concedes its
advertisements are trading on global
hype and will not say how much of
the racquet is actually graphene. But
the company – like Samsung and IBM
before it – is not going to miss out on
a hubbub of excitement surrounding
the world’s latest miracle product.

Graphene is a sheet of carbon, only
one atom thick but extending indefi-
nitely in two dimensions. Its proper-
ties encompass an astonishing range
of superlatives, including better elec-
trical and thermal conductivity,
mechanical strength and optical
purity than any other material.

Research into graphene will receive
a €1bn boost from the EU today. Its
selection as a European “flagship”
programme for the next decade is the
latest in a surge of public and corpo-
rate support for work on a substance
that was unknown 10 years ago.

“Graphene’s many superior proper-
ties justify its nickname of a ‘miracle
material’,” says a recent “road map
for graphene” published in the journal
Nature by an international group of
scientists, including Kostya Nov-
oselov, who first isolated graphene
with Andre Geim at Manchester Uni-
versity in 2004.

The list of potential applications is
correspondingly vast. In electronics,
they range from ultra-fast transistors

to foldable computer displays and
light-emitting diodes; it promises
more efficient lasers and photodetec-
tors; it could transform electrical stor-
age and production from batteries to
solar cells. Composite materials con-
taining graphene could strengthen
aircraft wings and the biomedical
uses include tissue engineering and
drug delivery.

Prof Geim finds it impossible to sin-
gle out the most exciting or promising
applications. “The field is so vast and
developing so rapidly that to focus on
any particular direction would dimin-
ish the magnitude of the whole enter-
prise,” he says. “The number of exam-
ples is flabbergasting. Ten thousand
[research] papers were published last
year on graphene.”

Although there is no reliable esti-
mate of global expenditure on graph-
ene research, Prof Geim says the cur-
rent input must be about $1bn a year,
based on the published output.

Governments around the industrial-
ised world are pouring in money to
secure their participation in the
graphene revolution. Britain has com-
mitted more than £60m to keep the
country where it all started at the
forefront of research, pulling in con-
siderably more from companies want-
ing to collaborate with UK academics.

This month Manchester university
unveiled plans for the £61m National
Graphene Institute, to be completed
early in 2015, with the aim of being
“the world’s leading centre of graph-
ene research”. Cambridge university
announced last week a Cambridge
Graphene Centre, with about £30m of
research funding. The EU is already
spending millions of euros on graph-
ene research – and the Flagship
research programme will boost this
considerably. “The money will be dis-
tributed thinly around Europe,” says
Prof Geim. “You can look at this as a
huge €1bn seed fund to give compa-
nies more inducement to become
involved with European universities.”

As often occurs when a hot new
technology arises, there are concerns
in the UK and elsewhere in Europe
about being outpaced by American
and Asian competitors.

Some of this concern stems from
patent analysis. The latest by Cam-
bridgeIP, a UK-based technology strat-
egy company, shows that by the end
of 2012 there had been 2,204 graphene

tive and the UK has enormous poten-
tial to secure future value in the
graphene patent landscape.”

The UK and Manchester also have a
“brand advantage”, particularly fol-
lowing the award of a Nobel Prize to
Profs Geim and Novoselov in 2010.

There has been a high demand to
work with the new Manchester cen-
tre, says Prof Novoselov. “We want to
pick up perhaps five or six companies
– certainly no more than 10 – who will
come on-site to work with us. We will
learn from the technology they use in
their production and they will see sci-
ence at the frontier.”

Taking the patent figures at face
value, Samsung of South Korea leads
the corporate pack, with 407 published
graphene patents and patent applica-
tions, according to CambridgeIP. Next
comes IBM of the US with 134.

Although Samsung put out a flashy
advertisement in 2010 about bendy
consumer electronics made from
graphene and published a scientific
paper about a graphene transistor last
year, the company is coy about its
development of graphene devices.
Observers believe flexible display
screens will feature in its first graph-
ene products.

IBM is more forthcoming. Supratik
Guha, IBM head of physical sciences
research, says the company is work-
ing on high-frequency graphene tran-
sistors, new technology for laying
down graphene sheets for electronics,
and terahertz devices.

The terahertz region of the electro-
magnetic spectrum, lying between
infrared and microwave frequencies,
holds great promise in sensing, medi-
cal imaging and short-distance com-
munication. Terahertz waves pass
through plastics and living tissues but

scientists have struggled to control
them. “We can use graphene to modu-
late and control terahertz radiation,”
says Mr Guha.

Companies such as Samsung and
IBM had a head start because they
already had researchers working on
carbon nanotubes – essentially graph-
ene rolled up into molecular cylinders
– which share some of the properties
of graphene’s open atomic sheets.

Several small companies around the
world are making and selling graph-
ene. One is Graphene Industries, a
spinout from Manchester university.
“We sell single-crystal graphene
flakes to academic customers, includ-
ing IBM and most of the world’s semi-
conductor companies,” says Peter
Blake, chief executive.

Graphene Industries makes its
flakes by mechanical exfoliation, a
refinement of the “Scotch tape”
method originally used by Profs Geim
and Novoselov. The raw material is
graphite, a form of carbon mined in
several countries, which consists of
trillions of graphene sheets stacked
vertically. Using the right micro-
equipment, it is surprisingly easy to
peel off the sheets one by one.

A new report by Lux Research, a
consultancy, shows the market for
graphene growing from $9m last year
to $126m in 2020. “While an impres-
sive debut for a new material, this
growth is less than some of the hype
may suggest,” says Lux analyst Ross
Kozarsky. The report lists a large
number of graphene start-ups “bub-
bling with bold claims of cheaper and/
or better graphene from novel precur-
sors and processes” – and warns of
the threat of oversupply.

Products containing graphene, such
as Head’s racquet, are beginning to

commercial fruition in less than a dec-
ade. For many uses, the graphene will
require substantial chemical and
physical modification. Yet it is not too
soon for investors to track the field,
says Andrew Haigh, executive direc-
tor of Coutts, the wealth management
arm of Royal Bank of Scotland, which
has studied graphene patents. “It is
too soon to sell a ‘graphene fund’ but
we have hit graphene and we will
keep hitting it, because this knowhow
is going to be one of the key drivers of
the 21st century world,” he says.

Mr Tannock agrees. “Investors
should appreciate that graphene is,
despite rapid progress in R&D and
intense commercial interest, still at a
relatively early stage where the ‘time
to market’ for specific industrial appli-
cations will vary and can be lengthy.”
Even so, he adds: “Large-scale produc-
tion of high-quality graphene and
applications of graphene in compos-
ites, coatings and inks could all pro-
duce investor returns in the medium
term. In the longer term, complex
graphene deployments may result in
even greater returns on investment,
for example in the health and life sci-
ences.”

The discoverers of graphene warn of
undue expectations. “There is too
much hype and I believe it is impor-
tant to moderate expectations that
have gone ballistic,” says Prof Geim.

While he dismisses graphene ink
and tennis racquets as “small niche
products” riding on a tide of hype,
Prof Geim is confident the material
will eventually transform electronics,
energy, aerospace and biotechnology.
“Normally it takes 40 years for a new
material to move from academia to
consumer products, so graphene is
just a bambina,” he says.
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graphite and then peeled back, stripping a 
thin layer off the top

1  Graphite is exposed to a solvent which 
with the aid of ultrasound causes it to 
split into individual mono-layer flakes or 
platelets

1  Related to chemical exfoliation but 
graphite pellets are first oxidised 

1  A substrate (usually copper) is heated 
in a furnace at low pressure to about 
1,000ºC. This anneals the copper

1  A small amount of silicon carbide 
(about 10mm x 10mm) is placed in a box 
with a small hole in it

2  The box is sealed in a vacuum or argon 
and heated to about 1,500ºC2  Methane and hydrogen gases flow 

through the furnace

3 Silicon molecules ‘evaporate’ from the 
surface, leaving a high quality layer of 
graphene

2  Prolonged treatment leads to 
many platelets

3  These mono-layers 
of graphene can be 
further enriched by 
centrifuge

2 This layer of carbon is thinned further by 
pressing it on to other layers of tape

3 The tape is finally pressed on to a very 
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peeled off, leaving a graphene layer a 
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emerge. Ralf Schwenger, head of rac-
quets R&D, says that adding graphene
to strengthen the shaft redistributes
weight to the racquet’s tip and grip,
which increases manoeuvrability.

Head used an Austrian gov-
ernment grant to work with
Taiwan’s Industrial Tech-
nology Research Institute to

develop the racquet. According to Mr
Schwenger, the incorporation of
graphene improves the racquet’s per-
formance by “a double-digit percent-
age” but he does not deny that the
company is taking advantage of
“hype” over the material for market-
ing purposes. “For us it helps that
graphene is out in the media and
there is some hype about,” he says,
“otherwise it would be more difficult
for us to sell the racquet.”

A quite different application just
reaching the market is “conducting
ink” containing graphene. Vorbeck
Materials, a start-up company in Jes-
sup, Maryland, is a leader here. John
Lettow, chief executive, says the flexi-
bility and durability of graphene-
based inks makes them perfect for
printed electronics such as smart
cards and high-security packaging.

Vorbeck is also developing lithium-
ion batteries with graphene electrodes
– another promising application. “We
can also make flexible batteries,
which might for example fit into the
strap of your bag to recharge your
cellphone while you’re out walking,”
says Mr Lettow.

Flexible screens for consumer
devices are likely to appear within
three years, though no one expects
the really big applications in electron-
ics, such as ultra-fast low-power proc-
essors and memory chips, to come to
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work these days’

patent publications from China, 1,754
from the US, 1,160 from South Korea –
and just 54 from the UK.

But patent volumes do not tell the
whole story. Quality matters, too.
“Europe has not been as aggressive in
patenting,” says Luigi Colombo, a
graphene expert at Texas Instruments
of the US, “but Europe is at the heart
of graphene work these days.”

“The race for value from graphene
is far from over,” agrees Quentin Tan-
nock, chairman of CambridgeIP. “UK
inventors have a well-deserved repu-
tation for being particularly innova-
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Figure 10 Illustration extraite de l’article Faster, stronger, bendier de Clive Cookson, publié
dans Financial Times du 28 janvier 2013

IV.D.1) À partir d’arguments qualitatifs uniquement, justifier la faisabilité d’un tel procédé.
IV.D.2) Dans le domaine de la recherche, le graphène est particulièrement étudié pour ses propriétés
électroniques exceptionnelles. Comment expliquer simplement les propriétés conductrices du graphène ?
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