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What is nanotechnology? We might start answering that question with an example of what nanotechnology could theoretically do: take humans to outer space.


Today, rockets are our only practical means of reaching space. We need a rocket’s spectacular power to overcome the formidable strength of Earth’s gravity trying to pull us down. But rockets are unwieldy and costly. They rely on colossal tanks of bulky fuel, and every additional kilogram of payload we cram on board means additional fuel we must purchase to propel that kilogram into orbit. Today’s cheapest rockets start at over £1,000 per kilogram. A trip to space is an event, not a practical part of everyday life.


But neither were skyscrapers practical parts of everyday life until the invention of the lift gave humans a machine to fend off gravity. Likewise, scientists, engineers and writers like Arthur C. Clarke have long dreamt of a lift on a far grander scale – an elevator to space. Astronauts could board a space elevator at the ground and rise to orbit without the pyrotechnics of a rocket launch. In the other direction, a space elevator could offer a comfortable descent back to Earth without the dramatics of high-speed re-entry. A space elevator could eventually make a trip to space as routine as a train across the Channel.


It’s a simple and elegant solution – sadly, too simple, and too elegant.


If a space elevator is to stay stable, its upper level must always remain above the same point on Earth’s surface. Passengers will need to alight at the altitude where satellites today move just quickly enough to match Earth’s rotation. This is known as geostationary orbit. Where the International Space Station orbits at about 400 kilometres above sea level, and most cosmonauts have never ventured more than 1,000 kilometres out, geostationary orbit lies at a far more rarefied 36,000 kilometres high – nearly the length of a full circle about Earth’s equator. If the space elevator’s cabin rose at the top speed of a London-to-Paris train, a voyage from sea level to geostationary orbit would last almost five full Earth days.


Our elevator will have to stretch further still – it’s actually the elevator’s centre of mass that will sit in geostationary orbit. That means its cable will need to stretch higher than any of the lift’s riders will experience, out to a counterweight at an even greater altitude. Space elevator proposals would have the counterweight at a vertigo-inducing 100,000 kilometres up – more than a quarter of the distance to the Moon.


Building a space elevator will almost certainly be the largest construction project in human history. The greatest part of that expense is likely to be constructing the cable that will form the space elevator’s backbone. If we want to build one, we’ll need to forge a cable that’s not only 100,000 kilometres long, but a cable that can also support itself at scales no human structure has ever done.


The key will be finding the correct material. We can start by looking at a material’s breaking length: how tall a column we can build in Earth’s gravity before the material buckles under its own weight. Designing a space elevator will be far more complex than simply stacking a material on top of itself like this, but breaking length gives us a useful first impression. Gravity weakens as we ascend the cable, but we’ll still want a material with a breaking length of at least thousands of kilometres.


Concrete has a breaking length of less than half a kilometre. Steel fares better, but even the strongest known steel has a breaking length of only 30 kilometres or so. Spider silk, famously stronger than steel, reaches its limit at around 100 kilometres. Carbon-fibre can do even better but still buckles at about 400 kilometres.


Clearly, standard Earth building materials won’t do for a space elevator, but where might we find a material that will support something so very big? Counterintuitively, many would-be space elevator architects suggest that we look for something very small: a carbon nanotube.


You won’t find carbon nanotubes in any Earth lift. We’ve only been able to make them at all since the 1990s. Yet there is every reason to believe that we will want to make them in far larger quantities than we’ve got so far. Carbon nanotubes have the highest tensile strength of almost any known material; they can withstand stretching that’s hundreds of times more severe than concrete or steel or carbon fibres can. Such mundane materials’ breaking lengths pale in comparison to the carbon nanotube’s, which may eclipse 4,000 kilometres. That places the space elevator back on the table.


What separates a carbon nanotube from a strand of spider silk, or a filament of carbon fibre, is its size. A single carbon nanotube is 100,000 times slimmer than a single human hair. Look at a cross-section of a carbon nanotube, and you can see the individual atoms that form its structure. Carbon nanotubes are so small that they don’t belong to our world so much as to a parallel world of very, very small things: a nano world too small for most of us to see.


Entering the nano realm


We derive ‘nano’ from a Greek word for ‘dwarf’ or ‘small person’.* Today, ‘nano’ has become a byword for ‘small’. Your mobile may hold a nano SIM card; perhaps you remember the now-defunct iPod Nano. These are examples of manufacturers slapping a ‘nano’ label on products they deem too small for ‘micro’ to fit. The nano SIM is an unfathomable colossus next to the nano realm, which works on far, far smaller sizes. A carbon nanotube is about one nanometre across – one billionth of a metre.


How small, then, is a billionth of a metre? Perhaps the easiest way to find out would be to take after the titular character from the 1957 film The Incredible Shrinking Man and visit the nano realm ourselves.*


The average human being is slightly less than two metres tall. We are far, far too large to meet the nano realm face-to-face. So, imagine that we can shrink ourselves to, say, one-tenth of our original size. Shrink once, and we will be just shy of twenty centimetres tall, about the size of a modest laptop computer’s screen. A twenty-centimetre-tall human is half the size of the average newborn, but we are nowhere near the nano realm.


Shrink once more, and we are now about two centimetres tall. We’re still visible to the average human, but that full-sized human might easily lose us in a coat pocket. The average human foetus has already grown past our size by the end of its first trimester. We are about the size of an old iPod Nano.


Shrink again, down to just two millimetres, smaller than a nano SIM. We could hide behind a grain of rice or peek through the eye of a sewing needle. We might see grains of pollen as large as party balloons and grains of sand and salt and sugar as large as pieces of furniture. We could comfortably ride on the back of an ant. From our newfound mount, we might look around and see many zoos’ worth of life-forms that evaded our sight until we became this small: amoebas and paramecia swimming in water, mites that live in dust or human hair, even the very largest bacteria.


Shrink again, and we become the size of a single grain of sand. It’s a sign of a changing landscape that we must now switch to less familiar units. We are now 200 micrometres tall; a micrometre, or micron, is one-millionth of a metre. At 200 micrometres, even the head of a pin might seem as large as a house. If a human hair is caught on this pin, that single strand of hair might seem as thick as a large pipe.


The naked human eye can resolve objects down to around 100 micrometres. If we shrink beyond this, we will well and truly leave the familiar human world behind. We’re still far from the nano world.


Shrink again. At twenty micrometres tall, we are ourselves about the size of a single human skin cell. Regular-sized humans can only see us with the help of microscopes. We’ll see cells all around us. If we look at the hair we just saw, we might be able to see the cells that comprise it, lined up inside its strand like bricks in a wall. We’ll be able to see similar cells deep within each and every animal and plant, not to mention the cells of protists and bacteria that emerge into view from every corner.


Shrink again, and we plunge ever deeper into a world teeming with once-occluded life. All about us we may find cells of every shape and variety: white and red blood cells, yeast cells, liver cells, sperm cells. We are now the size of an E. coli bacterium, two micrometres large. We can now peer into a cell and see its organelles, or parts, such as the mitochondria that power it or its ribosomes that build proteins. If we look into a plant cell, we might get a close-up look at its individual chloroplasts, the organelles that catch the Sun’s light and photosynthesise it into energy.


We are now passing the blurry threshold into the nano realm.


A cell’s organelles can let us glimpse what the nano realm is capable of doing. They’re performing tasks that don’t sound out of place in a factory – generating energy, processing instructions, assembling proteins – yet each organelle is so small that its feedstock and spare parts are individual molecules.


Shrink again. We are now tinier than all but the very smallest cells. If we were to look into a cell’s nucleus, we might spot twirling vines: the telltale double helix of DNA. We are now the size of a virus, and at last, we can measure our size in nanometres (nm) – we are now around 200 nm, or 200 billionths of a metre, tall. We are now smaller than the shortest wavelengths of visible light, making us all but invisible to even the best light-based microscopes.


Shrink again, one last time.


We are now 20 nm tall, small enough to swing on those DNA strands as if they were indeed vines, and there are even finer things to witness down here. If we squint, we might see those individual molecules and their atoms that make up the world, from here all the way back up. We can see how they are structured, how they are moving, potentially even how they’re chemically reacting with each other and changing.


If we’re lucky, here is where we might also see small carbon strands. When we take a closer look, we’ll find that each strand is actually a hollow tube of rolled-up carbon atoms. These tubes can vary in size, but some may only be a dozen or so carbon atoms around. These are carbon nanotubes. We’ve had to shrink all the way down here to find them, because the smallest carbon nanotubes may only be a single nanometre across.


There are realms smaller than this; we still have a long way to shrink before we can see an atom’s nucleus or zoom into the subatomic particles studied in particle accelerators such as CERN’s Large Hadron Collider. But once we shrink beyond our current size, we’ll become smaller than an atom, and our surroundings may become so strange that we won’t recognise them as matter.


So, let’s stop here. We are well and truly within the realm the physicist Richard Feynman once named ‘the bottom’.


All the small things


A regular-sized human can’t see the bottom, but this nano realm exists in parallel with the macro realm of everyday human life. The two worlds are inextricably intertwined. Without cellular mechanisms that operate on scales measured in nanometres, life as we know it on Earth simply would not exist. It is for reasons like this that acts of meddling with the nano realm can have enormous impacts back up in the world we can see.


Nanotechnology, then, is the craft of editing this parallel world of the very small.


This is also where our space elevator comes back into view. At first, it might be strange to fish for space elevator building material down in the nano realm. Common sense might tell us that a tube 100,000 times narrower than human hair should be hopelessly delicate. It might seem absurd to proclaim that something so ephemerally thin could ever be capable of withstanding forces that could cleanly pull a steel bar in two. On the contrary, a carbon nanotube’s diminutive size is precisely what gives it incredible tensile strength.


A steel bar or a strand of spider silk is, really, a collection of many different molecules in aggregate. Look at either under a very powerful microscope, and you will see plenty of borderlines and defects and weak links where molecules meet. At the same time, a carbon nanotube’s small width and simple structure mean that – at least in theory – it’s straightforward to create nanotube molecules that span a room, unbroken from end to end.
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A carbon nanotube’s structure.





The longest carbon nanotube we’ve ever produced measured around a staggering 50 centimetres. We shouldn’t undersell this feat – that carbon nanotube is 100 million times as long as it is wide – but 50 centimetres won’t take us into space. A carbon-nanotube-based space elevator is decades away, at least.


However, carbon nanotubes are useful for more than just building space elevators. Since a handful of researchers around the world discovered how to make them in the early 1990s, the carbon nanotube has grown into a starring role as one of the world’s most studied materials.


It’s easy to see how a carbon nanotube’s strength might capture attention, but strength is only one of the carbon nanotube’s curious properties. A carbon nanotube isn’t just strong; it’s also flexible, capable of bending more than 90 degrees without snapping. These properties make carbon nanotubes ideal for anything that must be sturdy and bendy at once. Fabric woven from carbon nanotube yarn is already on the market, and carbon nanotube aircraft parts may soon follow.


A carbon nanotube is flexible in more metaphorical ways, too. The carbon nanotube’s ultra-narrow width grants a short enough nanotube entry into places that are otherwise too small to easily reach – inside human cells, for example. What’s more, depending on the orientation of its atoms, a carbon nanotube can take either the properties of a metal (effortlessly conducting electricity a thousand times better than a copper wire) or a semiconductor like silicon (whose conductivity can be turned on and off, making it a potential material for futuristic electronics).


Carbon nanotubes are also amongst the world’s best thermal conductors. You could stack a layer of intertwined nanotubes on a computer chip to wick away its heat, or you could mix a batch of nanotubes into water to create an enhanced cooling fluid. A carbon nanotube’s tiny size also gives it more surface area per volume than virtually any other material. As chemical reactions rely on surface area, a chemist could speed up their reactions by utilising a carbon nanotube branch as the base for a highly effective catalyst.


Nanotechnology is a very new field, but it already has its emblems, and it’s easy to understand why the carbon nanotube is one of them. So, what exactly is nanotechnology?


The word might conjure images of very tiny machines, crunching away in tiny corners where humans cannot see. A large part of nanotechnology does indeed deal with nano-sized machinery. We’ve been able to build basic machines ourselves; perhaps more impressively, we’ve already saved countless lives by adapting biology’s nanomachinery. Many scientists and writers have gone far further, dreaming of far more sophisticated machines that can assemble any product molecule by molecule.


Yet there is more to nanotechnology than mere machines. Many nanoscientists, who carry out their work at this very tiny scale, might tell you that the nano realm’s wonders are actually the materials that operate here. Carbon nanotubes are only one material on an ever-growing list: atom-thin sheets, specialised proteins lifted from cells, spheres that change colour as they shrink or grow. These materials are what really separate nanotechnology from the bulk world of human scales. Even if nanotechnology is still in its infancy, those materials already fill our world.


What, then, actually makes nanomaterials so unique? Why do carbon nanotubes work at all? While we answer those questions, what does a carbon nanotube look like when we unroll one into a flat sheet? When we do that, we’ll find another material that has gained even more renown – graphene.





* In fact, modern Greek uses the word ‘nanos’ for both dwarf stars and Tolkien’s dwarves.


* Fortunately, our journey will be more pleasant than that of poor Scott, who starts shrinking after he is exposed to a noxious pesticide. As he shrinks away from human scales, he loses his job, must move into a dollhouse, is stalked by his cat and is eventually left for dead by his wife to fight a spider in his own cellar.
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In 2004, two Manchester University scientists named Andre Geim and Konstantin Novoselov were spending their Friday evenings sticking pieces of adhesive tape to chunks of graphite, then tearing them off again. If this seems like an activity that some chemists might devise to amuse themselves during a boring meeting, Geim and Novoselov were not merely trying to kill time. Instead, the two and their colleagues saw graphite and tape as a very serious means of scientific enquiry.


Six years later, Geim and Novoselov’s acts of ripping away carbon flakes like skin onto a bandage would earn them a Nobel Prize in Physics.*


Geim and Novoselov were trying to make graphene – not to be confused with the graphite that was their starting point. If they could isolate graphene, they could isolate the thinnest material in the world. Other scientists had long predicted graphene’s existence, and some had even caught glimpses of it, but none had ever been able to isolate it in its purest form. Geim and Novoselov believed they could do so with sticky tape. They also believed their tape could serve as a new way into the nano realm.


To understand what Geim and Novoselov were trying to create, we must first examine its fundamental building block: the carbon atom.


How to play with atoms


The idea of the atom was, of course, not new in 2004. A number of philosophers from across the ancient world suspected their universe was formed from invisible, indivisible particles. We can thank two such philosophers, the Ancient Greeks Leucippus and Democritus, for giving us the ancestor of the modern English word ‘atom’.


Leucippus and Democritus knew nothing of modern chemistry, but even the chemist’s picture of the atoms is centuries old. Around the turn of the nineteenth century, the chemist John Dalton proposed that the universe was formed from atoms, each one representing a chemical element. To this end, Dalton collated a primitive list of the elements, delineating a grand total of twenty, carbon included. When atoms join in different combinations, they form all the chemical compounds we see in the world around us. Dalton knew very little of the nano realm, and his picture was both incomplete (today’s periodic table holds about six times as many elements as Dalton’s list) and inaccurate (his list included ‘elements’ like ‘lime’ and ‘soda’ which we know today are compounds). Yet Dalton’s general idea of the atom was sound.


Then again, the universe’s indivisible building block is not actually indivisible. A century after Dalton, his successors like Ernest Rutherford and Niels Bohr worked out that atoms are made from even tinier parts, each millions of times smaller still: a positively charged nucleus (which we now know to contain positively charged protons and electrically neutral neutrons) circled by negatively charged electrons. Rutherford and Bohr also knew little of the nano realm; protons and neutrons lie in the realm of atomic and nuclear physics, largely beyond nanotechnology’s reach.


By contrast, the electron is well within the nano realm’s concern (if not in its own scale). A building block would be fairly useless without some way to actually link up with its fellow blocks. Electrons serve the role of atomic mortar. Within an atom, its electrons stack up within shells. Atoms are wont to fill their outer shells, and they’ll bond to other atoms to make that happen.


Let’s look at how this works in carbon. A neutral carbon atom has an outer shell with eight electron slots, four of which are pre-filled. Thus, the atom has four electrons to give other atoms and four slots to receive. Four electrons is a lot, allowing carbon to easily bond with hydrogen or nitrogen or oxygen or any number of other elements, forming the wondrous menagerie of molecules that make life on Earth tick. It also means carbon can easily bond with other carbon atoms in different ways.


Pure carbon comes in a number of forms, but in our macro world we are most familiar with two of them, and the two seem like the twin faces of a mercurial god. On the one hand, carbon can appear as soft and malleable graphite, which can shear away with the press of a pencil to paper. On the other hand, carbon can appear as durable diamond, the hardest material known to exist in nature, mounted on rings when not tipping industrial blades. So why are diamond and graphite so different?


The answer is in the shape of each material’s innards. In diamond, all four of each carbon atom’s outer electrons bind to its neighbours, locking the atoms on all sides in a cage – this gives diamond its legendary hardness. Graphite’s carbon atoms only share three of their outer electrons, assembling in loosely stacked sheets. Each sheet’s atoms are arranged in a honeycomb pattern, but each sheet is misaligned from the sheets above and below – when we drag a graphite pencil-tip across paper, sheets readily slide off.
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Graphite vs diamond.





Materials scientists call these geometries of atomic blocks and electronic mortar a material’s crystal structure.* The world is resplendent with crystals. The atoms in table salt, sodium chloride, form tightly packed cubes. The atoms in solid ice are, like graphite, arranged in hexagons – this is why snowflakes form as six-pointed stars.


What, then, does a carbon nanotube’s crystal structure look like? A carbon nanotube shares graphite’s hexagonal form, but unlike a sheet in a graphite stack, a carbon nanotube’s atoms are rolled up into a cylinder. The tube has no misaligned weak links. Hence, a carbon nanotube holds up to pulling with extraordinary strength.


The same structure gives the carbon nanotube a toughness that diamond lacks. A diamond’s crystal structure may be a carbon cage, but the structure’s 3D geometry means that diamond is easy to break apart. Diamond can withstand scratching better than any material, but swing a hammer at a diamond, and the stone will shatter.* A carbon nanotube’s honeycomb has no such weakness.


Shape is only part of the story. Unlike mortar, electrons aren’t always fixed in place. Certain bonds can leave some electrons unmoored, free to flow through a material’s crystal lattice. Flowing electrons make electricity; the more easily electrons can flow through a material, the better that material will conduct electricity.


We can see these two properties in diamond and graphite. Diamond’s bonds keep its electrons all locked up, holding them from moving and making diamond an electrical insulator. On the other hand, while graphite’s fourth electron isn’t contributing to its strength, it’s free to flow through its sheet, making graphite a wonderful conductor.


These are basic examples of how materials derive their properties from goings-on at the very tiniest scales. They are simplistic examples. Predicting what any material will look like is a formidable task that scientists are far from mastering, even armed with supercomputing clusters and machine learning.


These properties are also not unique to the nano realm. Everything in the universe that we can see, from an insect’s exoskeleton to a skyscraper’s steel facade, is made from atoms. However, not everything is made from the same number of atoms. The human body is made from some seven billion quintillion atoms. The far punier E. coli bacterium still contains eye-watering billions of atoms. What if we deal with objects made from, perhaps, a hundred atoms? What about a sheet of graphene like the one Geim and Novoselov wished to create, only one atom thick?


At those scales, nature starts to look a little different. We can thank a scientist from a time not long after Dalton for starting to show us how.
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