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Concluding Remarks: There’s Nowt so Queer as Carbon Electrodes

Patrick Unwin*
DOI: 10.1039/b000000x [DO NOT ALTER/DELETE THIS TEXT]

s I would like to thank Katherine [Holt] for inviting me to give the ‘Concluding Remarks’ at this Faraday Discussion. 1 was
delighted to accept, not only because I have considerable interest in carbon electrodes, but also - as a proud Yorkshireman -
it’s always wonderful to come home to ‘God’s own County’ (even, as a Leeds lad, to Sheffield)! I do have to warn you,
however, that Yorkshire folk (or ‘Tykes’ as we are ‘affectionately’ known) are often stereotyped as “friendly, but bloody-
minded and argumentative”; and that’s according to Wikipedia,' so it must be true! On reflection, that may be the perfect

10 attribute to participate in a Faraday Discussion on “Carbon in Electrochemistry” and give these particular ‘Remarks’. As
this has been a most interesting, but at times serious and intense, meeting, I aim to lighten the mood a little. Prepare for
Yorkshire (and Sheffield) references to be sprinkled liberally! Indeed, as we have discussed spatial heterogeneity
extensively, let’s set the scene with an appreciation of the beautiful characteristic topography of the world-famous Yorkshire
Dales (Figure 1).

15

Figure 1. Early spring in Upper Swaledale, North Yorkshire.

0 We were naturally very pleased in the Warwick Electrochemistry & Interfaces Group that the Faraday Division of the
RSC chose to use one of our images for the publicity and announcements for this Discussion (Figure 2 and elsewhere?®). This
picture is not a map of some far off world or a distorted view of our own planet! Rather, it’s data showing the
electrochemical activity of a polycrystalline diamond electrode, which evidently varies spatially.® On a different scale the
surface of a diamond electrode, topographically, is not unlike the beautiful Limestone Pavement in Malham Cove, North

25 Yorkshire, comprising facets and grain boundaries. This type of heterogeneity goes to the heart of many of the issues we
have addressed in this meeting: carbon electrode surfaces often comprise such features and other defects, and this may
impact massively on the electrochemical properties that have been considered extensively in this Discussion. The challenge
is to be able to identify and characterise these surface features and demonstrate unambiguously how they influence
electrochemical reactions.
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Figure 2. Electrochemical map of a polycrystalline diamond electrode, adapted for the publicity graphic for this Discussion (e.g. as featured on the
front cover of this volume?).

Local character

Sheffield is a particularly appropriate location for this meeting on ‘carbon’, because we are situated here above the great
South Yorkshire Coalfield, with coal mining in this area stretching back to Roman times, until Margaret Thatcher put a stop
to it! And, of course, the city of Sheffield is world famous for cutlery manufacture, with a long history, as far back as the
late 13™ century, and a mention in Chaucer’s Canterbury Tales.* Crucible steel was manufactured extensively in this region
during the Industrial Revolution, and stainless steel was discovered in Sheffield by Harry Brearley just over 100 years ago.
In one of the papers on supercapacitors,” we heard about steel working electrodes. So, there really is nowhere better than
Yorkshire, and Sheffield, to have this meeting.

Yorkshire is famous for many unique and distinctive phrases, and I have drawn on one, ‘There’s nowt so queer as folk’ or,
to translate, ‘There’s nothing so peculiar as people’ as the title for this talk. Why do I consider this appropriate? Well, as
evident in some of the papers and debate in this meeting, and in work elsewhere,®'® carbon electrodes really do seem to have
the most peculiar behaviour, with apparently the same material in different labs (and sometimes in different eras) giving
rather different results. A major challenge in the field is to understand and rationalise these differences. For the present, it
has proven difficult to pin down the electrochemical behaviour of related new forms of carbon, such as graphene. Thus, is
graphene more'* ' or less'® active than graphite, even for very simple outer sphere electron transfer processes? Similarly,
for outer sphere redox couples, we may look at work in the field and ask are single walled carbon nanotubes (SWNTs) only
active at their ends,'”"’ and do such ends have to be open and oxygen functionalised?'® ' Or do SWNTs have intrinsic
activity on the sidewall?**?* We have had several papers on polycrystalline diamond electrodes, with applications spanning
electroanalysis, electrocatalysis and electrodeposition. Yet, outside this meeting, there has been considerable debate on the
active sites for electrochemistry at polycrystalline diamond, with high resolution electrochemical imaging providing insights
into structural controls of electrochemical activity that are important for both fundamental understanding of charge transfer
at this material,® and optimised applications. Although progress is being made in relating structure (and other surface
properties) to activity, there is a long way to go, so with apologies for the anthropomorphism, and to the Arctic Monkeys, if
carbon electrodes could speak they would probably say, for the moment, “Whatever people say I am, that’s what I'm not”.
And, for those not into English indie rock, that was another Sheffield reference!

Reviewing the rationale

A wide range of studies has been presented at this meeting attempting to address the electroactivity of carbon electrodes at
different length scales and under a diversity of conditions. Thus, we heard about the electrodeposition and stripping of
carbon at high temperature, from George Chen,* and, on the other hand, the modification of graphene around point defects
from Keith Stevenson®® (a study I will mention again later). This Discussion has been very successful in highlighting the
wide variety of studies that constitutes the use of carbon in electrochemistry.

In setting up the Discussion, the Scientific Committee outlined 4 points as a rationale, and it is useful to look at each in
turn, in light of the papers presented. The first point was that “Carbon is ubiquitous in electrochemical research....” and we
have certainly seen that in this meeting, which has been very successful in covering a wide range of topics in considerable
depth. There is evidently much interest in the use of carbon electrodes in batteries,?” *® and three papers in the session on
supercapacitors® > *° generated a huge amount of discussion and debate that could have gone on for much longer had the
tea/coffee break not been called! There is clearly a lot of exciting work, and some controversy, in that area, and many new
materials and concepts are coming through. The topic of electrochemical biosensors, likewise, was wide-ranging, from
implant electrodes based on diamond microelectrode arrays®' to the detection of biomolecules in solution,*® and attempts to
understand coupled electron transfer-proton transfer reactions, and the influence of electrode structure on such processes.
Key properties of carbon electrodes that have come up in many of the discussions have been electrical conductivity,
chemical functionality and biocompatibility. We even had a debate on the first afternoon about economics and carbon
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trading!

The second point was “...the use of carbon in more novel forms (e.g. carbon nanotubes, graphene) has impacted on all
areas of fundamental and applied electrochemistry...” In this respect, we have certainly covered many more types of carbon
than I envisaged. One would have predicted that graphene,® 32-** highly oriented pyrolytic graphite (HOPG),>* nanotubes,*¢
glassy carbon®’ and diamond®" ***® would feature prominently, but we have also heard about nanoflakes,** nanodiamond,* a
lot on carbon composites,?” *'** support effects®> ** and porous materials.>® This diversity and complexity in the types of
carbon materials found in electrochemistry raises challenges as to how to look at these materials. This brings us to the third
point which was “Advanced electrochemical techniques such as scanning electrochemical microscopy, electrochemical AFM
and spectroelectrochemistry have moreover increased our understanding of the interfacial properties of traditional carbon
electrode materials”. This is certainly true, as these techniques allow access to structure-function directly and
as highlighted above, and they can provide insight into chemical speciation during electrochemical

o

>

simultaneously, 7 4448
reactions at carbon electrodes.*” *® However, these types of methodologies did not feature as prominently in this Discussion
as I expected, although they were evident.?%*® Such approaches, and others, have an important role to play in the future, and
I will return to this shortly.

The final aspect was that “Carbon also plays an important role in technologically applied areas of electrochemistry - in
energy generation and storage and catalyst support”. This issue was covered admirably, for example, with sub-nanoporous
carbide-derived carbons®® and multi-functional structural composites for energy storage,** where the importance not only of
electrochemical performance, but also structural integrity was highlighted. We also heard about the use of redox active
electrolytes for supercapacitors.”” But, I think, the technological highlight was undoubtedly Rick’s [McCreery] amazing
‘electrochemical guitar pedal’, based on an innovative carbon-based molecular junction and showcased with audio in the
Introductory Lecture.”> There is a future for this! Perhaps the hard-rocking Sheffield band, Def Leppard, might be
interested? As Rick got this Discussion off to a musical start, I am happy to conclude in similar fashion!

@
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Macroscopic to microscopic

An enduring theme of this meeting is that many papers tended to focus on average properties and we had a lot of current-
s voltages curves! As electrochemists, we know that current-voltage relationships have their place, but considerable care is
needed when developing microscopic models from such measurements. We still rely heavily on correlations in
electrochemistry, and particularly in studies of carbon electrodes, because (traditionally) they have been difficult to
characterise microscopically, but it is important to bear in mind that just because one quantity appears to correlate with
another does not mean there is necessarily a physical relationship between the two. Models derived in this way need to be
20 tested continuously with new, emerging microscopic techniques. The electrochemical response of simple redox couples,
notably Fe(CN)¢*"*, has become a proxy for the surface quality (defect concentration) of graphitic materials and carbon
nanotubes,'* ' 3'* and is now widely used in that context,”*® but there are many other issues that can impact the response
of (layered) carbon electrodes, such as the adsorption of adventitious material (impurities),® >* ¢ delamination,® ' surface
oxidation, etc. So, without careful control of these parameters, macroscopic CV measurements, where one simply looks for
s ‘sluggish kinetics’ as an indicator of ‘quality’, do not provide an unambiguous view of (high) surface quality. Indeed,
although Fe(CN)64'/3' was used as the main method to ‘select’ particular HOPG surfaces for further study in earlier work,'>
3132t is not a straightforward couple even on well-defined and easily prepared metal electrodes,’” * and recent work
highlights complicated factors in its study at graphite (HOPG) electrodes.® Without a detailed understanding of structural
controls of apparently simple electron transfer processes at well-defined graphitic electrodes, it will be difficult for the field
40 to advance to understand more complex reactions and carbon materials. This situation contrasts markedly to the studies of
precious metal electrodes, for example, platinum, where CV measurements can give considerable information on the
structure and status of the electrode.®*® Challenges for the study of carbon electrodes would be: to identify similar
unambiguous CV signatures indicative of surface quality; to make more widespread use of high resolution structural
techniques to characterise materials used for electrochemistry, as highlighted in several papers in this Discussion; and to
4s make more use of microscopic and nanoscopic electrochemical probes where one can target particular surface features of
interest.

Capacitance measurements also featured strongly at the macroscopic level, along with related measurements such as the
determination of active surface area from redox probe adsorption and gas adsorption.’”3”*? There were interesting questions
and debate about the limitations of these approaches. The importance of nanoscale properties featured a lot in the

so discussions, but there was a tendency to talk in very general terms about defects or dangling bonds, and much more needs to
be known about these issues. We also need more dialogue between different groups about surface quality, functionality,
reproducibility. We had some contributions to the debate along the lines that really nice super-clean, low defect graphene
can be made very easily by chemical vapour deposition, whereas other groups recognise that there are many issues to making
(and retaining) such materials with high surface purity. Which is correct?

w
b

ss “The Full Monty’

So how do we move forward to improve our understanding? To begin with, I believe we have to focus on well-defined
planar carbon surfaces (e.g. well-defined HOPG and conducting single crystal diamond), as these materials can now be
characterised fairly easily in a variety of ways. But we have to ensure the surfaces are as close to pristine as possible.
Individual point defects can be characterised with STM, as Keith Stevenson showed in this meeting for graphene.?S Others
o0 have shown for HOPG that such defects are of low concentration and in a narrow range of 0.1 — 10 um™." In fact, a recent
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high resolution STM study of HOPG surface modification failed to find a single point defect in over 100 images (typically

25 nm? area per image).”” Thus, we should be able to pin down the importance (or otherwise of such features). Step edges,

which are the main ‘defect site’ on such surfaces, are routinely quantified with AFM.% 7147 Thus studying different grades

of HOPG (see for example Figure 3A) even by macroscopic electrochemistry opens up the possibility of determining how
s step edge density impacts (or otherwise) various electrochemical processes.'® !

Well-characterised nanomaterials are now also amenable to study, such as single layer graphene, graphene bilayers,
multiple layers, individual edges, and nanotubes. This meeting,’® and related work,** 7* has shown that it is now possible to
understand multiple properties of an individual SWNT and relate these to the electrochemistry. Although challenging
experimentally, defects in SWNTs can also be visualised with a range of techniques,?® 77 and it should thus be possible to

10 assess the impact of defects on electrochemistry with high resolution electrochemical microscopy.

It is evidently important to understand the local electronic structure of carbon materials, and this was raised several times
in the Discussion. Scanning tunnelling spectroscopy (STS) studies are revealing considerable information about the local
density of states (LDOS) of various carbon materials.’’ 7* For HOPG, a major outcome is that the LDOS is similar at
armchair edges as at the basal surface away from the edge, and only enhanced at zigzag edges, which are the minority edge

15 (see Figure 3B). Thus, unless the density of such edges is very high (< 10 nm spacing), the overall DOS at HOPG is
essentially constant across the different grades of HOPG.”” This is significant because it opens up the possibility - even on
the macroscopic scale - of separating DOS effects from step edge density effects (and other defect effects, assuming that
point defects, and other electronic disturbances that may occur in the basal surface®” 7*%" remain unimportant or can be
quantified). Thus, for HOPG, and other carbon materials, it should be possible to build a very detailed picture of activity, by

20 combining sophisticated surface structure probes and electrochemical measurements, while also taking precautions to avoid
surface contamination.
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25 Figure 3. (A) AFM images of different grades of HOPG (note the different height scales). (B) STM images of HOPG near a monoatomic step edge for
zigzag (left) and armchair (right) edges. The dI/dV curves were measured at difference distances from the edge. Adapted with permission from
references 10 and 77.

So, in essence, I am arguing that to move the field forward we need the “Full Monty”! The title of this Great British film
30 about 5 unemployed guys from Sheffield who form a striptease act most likely has its origin in the ‘full Montague Burton (3-
piece) suit’ (from Leeds), and basically means ‘everything’ or ‘the full works’. So who are the ‘Full Monty electrochemists’
at this Discussion? First, Keith [Stevenson] showed us how STM measurements revealed the importance of defects vs. basal
activity during the functionalization of graphene.?® Rob [Dryfe] tackled the issue of environment/impurity effect on graphene
electroactivity, and used a microdroplet to probe a single layer, two layers, etc., unambiguously, with knowledge of the
35 environment of the graphene surface and how that impacted electrochemistry. Lawrence [Hardwick] told us about making in-
situ Raman measurements at micro-graphite electrodes during lithium intercalation and de-intercalation, with major
implications for understanding the functioning of lithium ion batteries. This was a distinctive contribution, because while
Raman spectroscopy is a natural complement to electrochemistry to enable understanding of the structure and properties of
carbon,"" # and was mentioned a great deal at this meeting, in-situ work has been rare. Aleix [Giiell], described a multi-
40 technique platform, where many techniques, including high resolution electrochemical imaging can be applied to individual
nanomaterials.*® A word of advice though guys — stick to the electrochemistry!

Outside of this meeting, there is evidence that other groups are embracing this philosophy. So Phil Collins’ group
(University of California, Irvine) has recently investigated the charge transfer resistance of individual SWNT composites.®®
This is a particularly nice study because it contributes to fundamental understanding of heterogeneous electron transfer,

4s making use of individual pristine carbon nanotubes coated with a metal-oxide electrochemical-storage material. The
experiments rule out any significant role of SWNT defects or band structure in the electrochemistry of this kind of
composite. Moreover, the results contradict the expectation of enhanced out-of-plane electron transfer rates from defective
(step edge) sp> carbon, based on older HOPG literature.® - ' 12 51 52 84 Thege studies found that multi-walled carbon
nanotubes, platinum, HOPG and SWNTs had essentially the same charge transfer characteristics, even though they have very

so different electronic band structure. These kinds of studies are essential to challenge preconceptions and promote progress in
this field.
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Back to Yorkshire

As a beneficiary of an enlightened education environment in West Yorkshire in the early 1970’s, under Sir Alec Clegg, I
would like to close by quoting from an after dinner speech he gave at a workshop for school teachers in Bingley, West
Yorkshire, just over 40 years ago. Entitled “Making the whole world wonder”,*® his speech is illuminating and I encourage
you to read it. In part of the speech he identified the characteristics he had seen in the greatest teachers (and by extension, I
believe, these attributes make the best researchers):

“They were immersed in - and constantly excited by - what they were doing. They were innovators. They modified their
views continuously as they learned from their experiences...and from the ideas that they picked up outside and wished to try
out. Their professional life was a creative quest.”

While we (and the public) often link science with innovation and excitement, it can - at the same time - be very
conservative, and hierarchical. Ideas can become entrenched (and personal), and the history of science tells us that change
can be a painful, long and difficult process. Yet, science is not set in stone, and this is particularly true of electrochemistry.
The challenge of studying complex electrochemical interfaces means that our views will change continuously, as new
techniques and methods become available. This meeting has highlighted the tremendous potential of carbon materials for
both fundamental and applied studies in electrochemistry, but we have much to learn, and our views will change. Carbon
electrodes may have been around for a long time in electrochemistry, but this Discussion has highlighted that we are entering
a new era of understanding.

I hope you have enjoyed your time in Yorkshire and this Discussion on “Carbon in electrochemistry”.
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