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Analytical methodologies using carbon substrates
developed by pyrolysis

Tomas E. Benavidez,® Rodrigo Martinez-Duarte® and Carlos D. Garcia*?

As a viable alternative with respect to carbon-based materials prepared by vapor deposition, the pyrolysis of
non-volatile organic precursors has allowed the development of substrates with advantageous properties
towards the development of sensors. Considering the importance and versatility of these materials, this
review provides a summary of representative articles describing the procedures and most important
considerations linked to the fabrication of these films, and their characterization in terms of structure,
thickness, topography, contact angle, as well as optical and electrochemical properties. The review

focuses on analytical applications such as electroanalysis, biosensors, dielectrophoresis, and solid phases
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1. Introduction

Without a question, the number of reports describing analytical
applications of carbon paste,"* glassy carbon,** boron-doped
diamond,>® highly oriented pyrolytic graphite,” carbon fibers,
carbon ink,® carbon black, carbon nanotubes,”*® fullerenes,
nanohorns, graphene,"* and carbon dots**** has increased
tremendously over the last two decades. Carbon is no longer
limited to electrochemical detectors and has been extensively
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applied, for example, to improve sample preconcentration and
separation techniques.™™ In fact, a quick literature survey
shows an average of more than 100 000 papers related to
analytical applications of carbon are published almost every
year. Although this could suggest the approach of an stagnation
stage in the field, it is clear that a variety of modern methods
and techniques now enable challenging long-established
models and identifying key features for further exploration.'®
Moreover, the unique properties of carbon® and the versatility
of current fabrication methods continue opening new doors for
the development of innovative applications that clearly tran-
scend the boundaries of research laboratories (e.g. molecular
electronics®). In terms of analytical applications, carbon offers
a variety of advantages with respect to other materials including
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relatively clean electrochemistry (good electrocatalytic activity
and low background currents), large surface area, a rich and
versatile surface chemistry, and good electrical conductivity.
While a large proportion of literature relates to the use and
modification of traditional carbon electrodes (glassy carbon or
paste) or the use of carbon-based materials attached to the
surface of metallic electrodes, the development of thin carbon
films by pyrolytic reactions of a deposited organic layer has
gained significant attention in the last few years. Therefore, and
considering the importance of these electrodes, the present
review provides a summary of representative articles describing
the use of carbon substrates prepared by pyrolysis of a solid
organic material, linking the properties of the material with the
analytical methodologies developed thereof. The review focuses
on applications published in the last five years but additional
contributions outside this period have been included to provide
readers background information to link the chemical func-
tionality of the films with the corresponding analytical
applications.

2. Fabrication and characterization of
carbon films
2.1 Formation mechanism

Considering that carbon has the highest sublimation point of
all elements (3825 °C),} two main routes have been utilized to
produce carbon substrates by pyrolysis. The first alternative
(bottom-up) is to produce films by the generation of elementary
carbon (by thermal decomposition of gaseous hydrocarbons or
arc-discharge at graphitic electrodes) and recombination to
form solid carbon structures. This process is known as chemical
vapor deposition (CVD) and yields to the formation of what
most papers refer to as pyrolytic carbon, amorphous carbon, or
diamond-like carbon.* The mechanism involved in the forma-
tion of pyrolytic carbon substrates has been extensively
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investigated and may involve more than 250 species* taking
part in a myriad of almost 1200 reversible reactions.”® In
a nutshell, CVD involves the use of high temperature and an
organic gaseous feedstock (such as methane and acetylene) that
dissociate and form molecular species (ethane, ethene, ethine,
propine, allene, vinylethine) as well as a number of radicals.” As
areference point for the selection of the temperature, it is worth
mentioning that the thermal dissociation of CH, occurs in the
500-1000 °C range.> For this reason, and although the selection
of the temperature required to produce pyrolytic carbon films
by CVD can be influenced by a number of variables,* the
furnace is typically set within the 800-1100 °C range.***” Upon
recombination, the compounds originate the so-called first
aromatic ring (benzene and substituted benzenes), via a low
temperature C,-route, with butadienyl as the intermediate. This
process is followed by aromatic growth, a process in which
a series of five- and six-member rings are condensed and con-
verted (through isomerization, hydrogen migration, and reac-
tion with low-MW species such as ethine) into clusters of
polyaromatic hydrocarbons (PAH). These processes are
described by the HACA-mechanism (hydrogen abstraction and
carbon addition) and aromatic condensation (aryl-aryl combi-
nation followed by dehydrocyclization). As an early example of
an analytical application of this type of films, it is worth
mentioning a report from Blaedel and Mabbott,*® who placed
a pre-heated quartz rod into a stream of natural gas and
produced black shiny surfaces that were used for the electro-
chemical oxidation of NADH. It is also important to point out
that a key aspect involving the development of pyrolytic carbon
substrates by CVD, especially if materials with larger ratios of
sp’-hybridized carbon are sought, is the requirement of metallic
nanoparticles (usually Cu, Ni, Fe, Co, and/or Mo) to act as
catalyst. Although these particles can act as nucleation points
for low-MW carbon molecules to assemble and grow into
graphitic structures,* the overall efficiency of the method is
rather low (around 20% conversion yielding a mixture of
structures).*® Reviews describing similar mechanisms leading
to the formation of fullerenes® and other carbon nano-
allotropes®* as well as analytical applications have been pre-
sented.'***** Also taking advantage of the decomposition of low-
MW precursors, spray pyrolysis has been extensively used for
the development of powdered carbon nanomaterials.**

With slight differences with respect to the mechanism
involved in CVD, the second alternative to produce carbon
substrates, and the focus of attention in this review, is the
uncatalyzed pyrolytic treatment of substrates pre-coated with
a layer of an organic precursor (top-down). This approach yields
to glass-like carbon® (also known as the trademarks “glassy
carbon” and “vitreous carbon”) and provides researchers
a much richer selection of starting materials to tune the prop-
erties of the resulting substrates and a source-to-product effi-
ciency that can reach 70%.** In general, the fabrication
processes involves a high-temperature pyrolysis step (under
a controlled atmosphere) of some solid, non-volatile, organic
material. Although the first pertinent report of a synthetic
carbon material was produced by pyrolysis of a phenolic resin,**
the overall strategy gained importance after a paper from
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Davidson,*” who demonstrated the possibility of preparing
carbon films from cellulose. Only seven years later, it was noted
that materials prepared by pyrolysis of other substrates (such as
phenolic resins, polyfurfuryl alcohol, or polyvynilidene chlo-
ride) displayed very similar properties.*® The structure of glassy
carbon can be described as a number of layers of tangled
ribbons,***® similar to those found in graphite but without the
corresponding extensive, oriented sheets of sp® carbon. This
model is compatible with most of the properties of the resulting
materials and has been described using a number of compu-
tational tools, including Monte Carlo simulations.*' The overall
mechanism for the pyrolysis reaction has been extensively
described for cellulose and progresses in several distinctive
stages that sequentially occur as the temperature increases.
First, a slight weigh loss is typically observed when the
temperature reaches approximately 115 °C. This process is
typically attributed to the release of water and other adsorbed
species. Release of methane, carboxyl, carbonyls, and hydrogen
(favoring the formation of volatile compounds®) occurs at
temperatures in the range of 250-500 °C and yields to signifi-
cant losses in weight, shrinking, and coalescence of polymeric
chains. The kinetics of this step can be described by the Broi-
dio-Shafizadeh (B-S) mechanism.* Upon further elimination of
hydrogen, at temperatures in the 600-700 °C range, the weight
of the product (determining the overall yield of the process) is
typically stabilized. As the result of the crosslinking of poly-
meric chains, formation of graphitic domains,** and a reduction
in pore size,* more compact structures with increased
conductivity are obtained in the 700-900 °C range.***” These
stages can be clearly identified by thermogravimetric analysis
(TGA) and are significantly influenced by the chemical compo-
sition of the starting material.>>*® It is also important to note
that the C-C bonds in the polymer backbone do not break at
these temperatures, so the carbon source can only form
graphitic planes of limited dimensions, with L, (size of the layer
plane) and L. (crystallite size) in the range of 30 to 70 A.*
Although not typically reported for analytical applications,
further reductions in structural defects and more extensive
graphitization have been reported by annealing the substrate
above 1500 °C or 2500 °C, respectively.>***

2.2 Considerations for the pyrolysis step

Because it is simpler to flush the system with a gas than
maintaining vacuum (10~ ° to 10~7 Torr),” the vast majority of
the films are produced in an inert atmosphere. Working at low
pressures also requires the use of thicker tubes in the furnace,
which adds to the expense and limits the heating/cooling rates.
Therefore, pyrolysis reactions are typically carried out in
atmospheres of argon,* helium,* or nitrogen.”* To avoid
potential oxidation reactions and promote the formation of
hydrogen-terminated clusters, a large percentage of authors
have elected to use slightly reductive conditions (95% Ar-5%
H,).*>***” Along with the H, released during the pyrolysis step,
the hydrogen introduced in the forming gas may also play a role
in both the growth of crystallites and the removal of oxygen
from the matrix.”® Gas mixtures containing higher amounts of
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hydrogen®** have been reported but are unlikely justified due
the increased flammability of the gas and the corresponding
safety risks.®* For the specific cases of pyrolytic carbon®® and
carbon nanotubes,* it has been also reported that the addition
of H,O to the reaction chamber can significantly increase the
growth rate with respect to that obtained with traditional
mixtures of precursors. To the best of our knowledge, this
possibility has not been recently explored in the fabrication of
glassy carbon. Unless specific conditions for the pyrolysis are
required, gas mixtures can be obtained from commercial
suppliers and connected to the furnace via a standard regulator.
For experiments requiring precise control of the flow rate, or
variable composition of the forming gas, one of the most
convenient alternatives is to incorporate flow controllers in the
design. Although these controllers are rather expensive (>$1500
each, at least two needed), a variety of sources are currently
available (e.g. Sierra; Monterrey, CA, USA). Being compatible
with H,, 304 or 316 grade stainless steel tubing are probably the
best choices for gas lines. Users should be aware that other
materials (such as copper) can become brittle in the presence of
hydrogen and pose a fire hazard.** Using ad hoc fittings (e.g.
MTI; Richmond, CA, USA), the gas lines are typically connected
to a tube made of either hard-fired alumina or fused quartz.
While the former allows heating up to 1800 °C, these tubes are
opaque and can be easily broken by thermal stress (heating/
cooling rates should not exceed 5 °C min~"). The latter tubes
can only go to 1200 °C (but much lower temperatures are rec-
ommended if vacuum is applied) and allow visual inspection of
the process. The technology behind the hardware used in tube
furnaces is mature at this point and most laboratory supply
companies offer models that can reach 1000-1200 °C using
either fixed (around 10 °C min ')*®*® or programmable
temperature ramps.®”*® In this regard, R. Compton's group also
reported that electrodes synthesized by a much faster thermal
process (ramping at 140 °C min~"') showed one of the lowest
resistivities reported for this kind of material (AZ 4562, ca. 4-6
x 107 Q cm) but were slightly rougher than electrodes fabri-
cated using slower thermal ramps.*® Besides the obvious safety
precautions when dealing with H, and high-temperatures, users
should consider that adequate power (>5000 W) and an exhaust
line (to vent unreacted H, and volatile compounds) must be
available. As the pyrolysis generates a number of compounds
(furfurals, aldehydes, etc.) that tend to adhere to the cooler parts
of the tube, frequent cleaning is recommended. Fortunately,
this step can be accomplished by simply operating the furnace
in the presence of air (opening the ends of the tube), carefully
sliding the tube from one side to the other to minimize thermal
stress.

2.3 Selection of material sources

Just like the choices for carbon feedstocks used in CVD are
virtually infinite,”® a wide variety of materials can be pyrolyzed
to yield glassy-carbon substrates. Since the initial reports
describing the possibility to form carbon films from phenolic
resins®® or cellulose,®” a number of organic materials have been
used towards the development of carbon-based substrates”™ and
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many more are regularly published in the literature (i.e. banana
stems, insects, grass, cookies, chocolate, and even animal
feces’>”®). Due to the possibility to form uniform films with
controlled properties, photoresists are probably the most used
sources to fabricate substrates for analytical applications.
Under this category, SU-8 (commercially available from Micro-
chem Corp; Westborough, MA, USA or Gersteltec; Pully, Swit-
zerland) is one of the most commonly reported materials.>®%%7*
SU-8 is a negative photoresist composed of a bisphenol A -
epichlorohydrin - formaldehyde copolymer®” that can yield high
aspect ratio structures and does not reflow under pyrolysis. This
photoresist also has excellent adhesion properties to non-
conductive substrates (like SiO,) and has enabled the develop-
ment of a number of patterned structures including interdigi-
tated arrays”’® or a series of stacked carbon electrodes
fabricated using multiple UV-lithography processes and a single
pyrolysis step.”” Using SU-8 as a benchmark, Madou's group
examined the electrical property changes and shrinkage of AZ
P4620 (AZ Electronic Materials; Somerville, NJ, USA). The latter
(cresol - novolak positive photoresist that can enable the crea-
tion of films 6-20 um) was carbonized at temperatures in the
600 to 1000 °C range. While a dependence of the resistivity with
respect to the thickness of the film was only observed for
substrates prepared at lower temperatures (and not on the type
of photoresist), they identified slightly different shrinkage
patterns during the carbonization process (the shrinkage is
generally considered isometric).”®”® Also using SU-8 as the
starting material, De Volder et al. implemented a plasma-
etching step and was able to fabricate beautiful 3D structures
(Fig. 1) that were chemically functionalized and used to
measure DNA binding with increased sensitivity.” Other
modifications of SU-8 include, for example, the possibility of
adding a block-copolymer (Pluronic F127) that can act as
a porogenic agent.*

Fig.1 Example of multilayer processing leading to multiple height 3D
CNW microstructure after pyrolysis. Reproduced with permission from
ref. 79.
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Additional examples of commercial photoresists used for the
development of pyrolytic carbon include AZ 4330,>%*" and AZ
9260.*> In order to fabricate electrodes for electrochemical
detection at the microchip scale, Lunte's group utilized AZ 1518
(positive photoresist) and found their performance to be
comparable to that of carbon fibers.** While not directly applied
to an analytical problem, SPR-220-7 (also from MicroChem) has
been used to fabricate porous electrodes featuring large surface
area.” Besides photoresist, a number of materials have been
proposed as substrates for pyrolysis. Among those, poly-
acrylonitrile (spin or solvent casting) has allowed the produc-
tion of large, conductive films over a wide range of thickness
values and over non-planar substrates.** An interesting alter-
native for the fabrication of nanostructured films is the pyrol-
ysis of block copolymers.** This strategy exploits the
periodicity and size of the cavities that are dictated by the MW
of each portion of a block co-polymer, the preparation condi-
tions, and the selected solvent.®® These polymers offer not only
the advantage of being commercially available,*** but also their
conformation can be fixed via cross-linking prior to the pyrol-
ysis.” In addition, a variety of conditions can be applied to form
thin films by spin-coating.”* Block copolymers can be also
mixed with traditional carbon precursors (resol) and tetraethy-
lorthosilicate (silica precursor) to produce conductive meso-
porous carbon-based films. According to the report, composite
films with approximately 40 wt% silica displayed a conductivity
that was an order of magnitude smaller than the value obtained
with a pure carbon mesoporous film, but such conductivity was
comparable to typical printed carbon inks used in electro-
chemical sensing (~10 S cm™').”> Additional methodologies
leading to the development and analytical application of carbon
substrates modified with cobalt oxide and vanadia®® or tem-
plated with nanoparticles (Fe;0, (ref. 94) or SiO, (ref. 95)) have
been also reported.

As previously mentioned, initial reports dealing with pyrol-
ysis of cellulose were geared towards applications in the textile
industry and a number of reports have demonstrated the
possibility to graphitize cellulose from bacteria, algae, animal,
and ramie.** Using cellulose as substrate, Giuliani et al. recently
demonstrated the possibility to fabricate electrodes by pyrolysis
of a number of paper samples, including printing, filter,
photography, and chromatography papers.*> Considering
resistivity measurements and the fragility of the carbonized
papers, the imaging card paper, multipurpose printing paper,
and 3 MM chromatography paper were further characterized
and used as electrochemical transducer for the detection of uric
acid. Out the three substrates, 3 MM chromatography paper
displayed the best electrochemical performance (AE, = 79 mV,
Ipalipe = 0.97, Rgim = 2.6 & 0.1 Q, Re = 63 & 2 kQ) and (upon
adsorption of uricase) allowed the development of sensors with
good sensitivity (0.225 & 0.002 mA L mmol ', R> = 0.995) and
LOD (0.004 mmol L"), figures that were comparable to those
obtained with traditional carbon electrodes. In a different
approach, Alharthi et al. described a versatile and inexpensive
procedure to prepare optically transparent carbon electrodes,
using proteins as precursors. The proteins were deposited using
adsorption (avoiding the need for expensive photoresist or

This journal is © The Royal Society of Chemistry 2016
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instrumentation) and pyrolyzed under reductive conditions to
form ultrathin, conductive electrodes that allowed the devel-
opment of a GOx-based biosensor for glucose (LOD = 10 uM).*®
Although not specifically designed towards analytical applica-
tions, J. Tour's group reported that the formation of sp” clusters
(even containing metal-oxide nanoclusters)®” can be induced by
CO, laser engraving of polyimide.®® Although the substrates still
required processing in the furnace, this approach could enable
the development of patterned electrodes and provide insights
about the challenging chemistry involved in the pyrolysis step.

2.4 Structure of the resulting films

One critical aspect in the application of pyrolytic carbon is that
these substrates are composed of various forms of carbon
ranging from transparent diamond-like structures (sp® hybrid-
ized) to dark graphite-like clusters (sp> hybridized). Because the
position and area ratio of the characteristic D (1360 cm™ ') and G
(1582 em ™) bands can provide information about the relative
abundance of the disordered and graphitic fraction, respec-
tively, Raman spectra are typically obtained as part of the
characterization process. As a reference regarding Raman
spectra of carbon-based materials, an excellent review by R.
McCreery* as well as relevant publications by A. Ferrari®"
should be consulted. In general, most reports discuss the Ip/Ig
ratio, which is correlated with the degree of disorder in the
structure. Although a number of attempts have been reported to
increase the graphitic fraction of pyrolytic carbon, the resulting
structure (properties and subsequent application) seems to be
mainly influenced by the composition of the organic precursor
and not necessarily by the specific conditions selected for the
pyrolysis. For example, pyrolysis of high purity Kapton HN
sheets (thickness 0.125 mm; Goodfellow Cambridge Limited,
UK) under 10 mL min " N, yielded a Ip/Ig ratio of about 0.7,
SU-8 and AR-UL-01 gave almost identical intensity ratios (Ip/Ig =
1.01 and 1.02, respectively),?*>'®® AZ nLOF-2070 gave values in
the 0.9-1.15 range (depending on the pyrolysis temperature),
Pongam seed shells gave values of 0.99 (and 1.01 upon modi-
fication with Co30,), and carbon films originated from paper or
bovine serum albumin gave a ratio of 1.25 (ref. 35) and 1.26,%°
respectively. Similar values were also reported for ordered
carbon films obtained by pyrolysis of covalently attached poly-
phenylene and polyanthracene layers on silicon substrates.'**
Pyrolysis of a composite made with SU-8 and CNT (pyrolyzed at
600 °C and 10~ ° Torr) also lead to spectra that resemble the one
from graphitic carbon.'® Probably one of the highest I;,/I; ratios
reported (4.2 £+ 0.1) was obtained by pyrolysis of AZ P4330-RS*>*
and was correlated with the electrochemical properties
observed in the material. With that being said, it is also
important to point out that slightly better ratios have been re-
ported for substrates prepared under vacuum treatment, when
compared to those prepared in the presence of forming gas®'
and that small differences in the position and intensity of these
bands have been reported as a function of the temperature of
the pyrolysis step (affecting the graphitization stage).®® For
example, small increases in the crystallinity (Ip/Ig changed from
2.2 to 1.3) of pyrolyzed SU-8 were obtained by adjusting the
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pyrolysis temperature.'® In line with the formation mechanism
previously described, the I/I; ratio tends to stabilize at about
1000 °C and has not been significantly affected by increasing
the dwell time,*® the pyrolysis time (up to 12 h at 900 °C),” or the
selected atmosphere (e.g. CO, activation).'®

2.5 Thickness, topography, and contact angle

A number of variables can affect the thickness of the resulting
film. For the case of spin-coated films, the thickness can be
controlled by the spin speed, the viscosity of the selected
photoresist, the evaporation rate, and the diffusivity of solute.”*
In all cases, it is worth considering that significant shrinkage (in
the wide range of 30 to 90%) is typically observed during the
pyrolysis,®®”® and is especially relevant in the vertical direction -
when the substrates are bound to a surface.*®**® The magnitude
of this effect has been linked to the carbon content of the
starting material and oxygen content in the furnace's atmo-
sphere.”® One important aspect of these films is the low
roughness (in the 0.2-1 nm range®>*>7**!) that can be obtained
with photoresists. These values can be attributed not only to the
uniformity of the layer produced by spin-coating but also to
a smoothing process, produced when the uncross-linked
photoresist reaches its glass transition temperature (i.e. SU-8 =
55 °C). On the contrary, carbon films originated from other
carbon sources (such as proteins, structured polymers, or
composite materials) render films with larger feature's dimen-
sions.”>?*1%” The presence of these features as well as a rich
surface chemistry have opened the door to develop not only
solid pre-treatment protocols**'*® but also the attachment of
a number of molecules using simple adsorption.'®** Although
the contact angle of carbon films made by pyrolysis can be
significantly affected by surface treatments and the atmosphere
selected for the pyrolysis,"*® bare electrodes developed in Ar-H,
display a contact angle of approximately 80° (hydrophobic).”**®

2.6 Optical properties

To rationally select the most suitable electrodes for applications
involving optical and electrical measurements, a correct
balance between transmittance and resistance should be ach-
ieved. Although this relationship is controlled by the thickness
of the films,> electrodes with thickness values <30 nm, typically
display a transmittance above 50%.% At a wavelength of 500 nm,
for example, films with a thickness of 13 nm and 79 nm dis-
played transparencies of 47% and 10% and sheet resistances of
1100 Q@ cm ' and 210 Q cm ™, respectively.®® In general, the
absence of active chromophores in the films renders rather
featureless spectra, with an absorption band around 250 nm
that has been associated with the absorption of light by the
disordered graphitic structure.’® These features are common to
other carbon-based nanomaterials (i.e. CNT or graphene)'** and
clearly dominate the landscape of optical applications.*>**>

3. Analytical applications

It is important to point out that electrical contacts to these
electrodes must be done after the pyrolysis because common
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metals used in sputtering process tend to form particles, even
when the pyrolysis temperature is kept below their respective
bulk melting points.”” In general, electrical contacts can be
made with a drop of silver paint,**'** indium wire'*®*** or by
sputtering of metals (i.e. Ag"" or Au). The use of standard solder
is not recommended to establish a reliable electrical contact.

3.1 Electroanalysis

As pointed out by McCreery, there are at least three phenomena
influencing redox activity on carbon surfaces: the resistance of
the material, the surface density of electronic states, and the
presence of edge plane sites on the electrode surface.*>* With
the corresponding differences, these features are common to
various carbon-based nanomaterials, including graphene."*¢***
In order to understand the role of each contribution, these
electrodes are typically characterized by a number of electro-
chemical techniques, but most commonly cyclic voltammetry
and electrochemical impedance spectroscopy. For these exper-
iments, electrochemical couples with well-known behaviors
(inner or outer sphere mediators such as K,Fe(CN)s or
Ru(NH,3)6Cl;, respectively) are typically used.'>*'** While the
former electrochemical couple is probably one of the most used
ones and can be utilized to benchmark new materials, readers
should be aware that several issues (surface interactions, non-
ideality, degradation with time, and sensitivity to light) can
potentially affect the results."*® Most of these experiments are
carried out by dissolving the electrochemical couple at
a concentration of 1 mM in buffer, KCl, or H,SO,. As the elec-
trochemical response of pyrolyzed electrodes is related to their
resistivity,'** the thinner the material, the poorest the response.
Therefore, clean cyclic voltammograms (in the —0.4 to +1.2 V
range vs. Ag|AgCl|KCly,) are typically reported, with peak
currents that are proportional to 1> and peak potentials that
largely exceed the ideal separation of 0.059 V/n. As a result, the
behavior is often deemed as quasi-reversible or irrevers-
ible.***>%¢ In order to enhance the properties of the material,
a number of electrochemical pretreatment steps have been
developed,'®® including the simple possibility of activation
(electrode cycled in NaOH or H,SO,, 0.1 V s~ ') to increase the
number of functional groups and enhance the hydrophilic
character of the surface.””'** It is also important to note that
recent reports point out the similarities between glassy carbon
(activated at +1.8 V vs. SCE) and graphene oxide electrodes
prepared by Tour or Hummers routes.'*

Albeit these modifications can provide significant improve-
ments in the electrochemical response, the selectivity of bare
electrodes fabricated by pyrolysis is still rather limited. To
overcome this shortcoming, square wave anodic voltammetry
was utilized to quantify mercury along electrodes fabricated by
pyrolysis of AZ 4562 photoresist."”*® In this case, the Hg was
deposited (at —0.5 V vs. Ag|AgCl|KClg,, for 1800 s) and then
stripped during an anodic square wave scan between —0.6 V
and 0.2 V (vs. Ag|AgCl|KClg,). The stripping peak current
observed at —0.45 V was found to be proportional to the
concentration of the analyte in the range between 2 ppb and 14
ppb, with a sensitivity of 2.67 pA em™> ppb~" (R = 0.996) and
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a LOD of 2.4 £ 0.3 ppb. Plain carbon electrodes obtained from
pyrolyzed photoresist can be also coupled to separation tech-
niques such as microchip electrophoresis. Following a previous
report,® Fischer et al.' demonstrated that microchips fabri-
cated with electrodes from pyrolyzed photoresist films (AZ 1518
or S-1818) displayed better analytical performance than those
integrating carbon ink, carbon fibers, or Pd as working elec-
trodes. Specifically, the in-channel configuration (see Fig. 2)
displayed a sensitivity of 72 pA um~* and a LOD of 35 nM, when
used to detect dopamine. As a result of limiting band broad-
ening (tailing factor = 0.88) and peak skew (skew factor = 0.75),
increases in separation efficiency were observed when mixtures
containing dopamine, catechol, and norepinephrine were
analyzed.

Although not yet integrated with an analytical method,
a procedure to transfer a pyrolyzed polymer onto low thermal
tolerance substrates was developed using a layer of either 500
nm SiO, or 200 nm of Siz;N, as a barrier.”® According to the
report, this process could enable the integration of glassy
carbon electrodes to polymeric microfluidic devices (e.g. PDMS
or PMMA).

One of the drawbacks of using plain carbon electrodes
(regardless of how they are fabricated) is that they are prone to
surface fouling and can significantly lose their electrochemical
response.>"**"° Using carbon films obtained from pyrolysis of
AZ 4620 photoresist, Brooksby et al.*** investigated the effect of
introducing either nitrophenyl (NP) or nitroazobenzene (NAB)
groups by an electrochemical process. As expected, cyclic vol-
tammograms showed an irreversible reduction process in the
first cycle (formation of a grafted layer on the electrode surface)
that passivized the surface and blocked all subsequent elec-
trochemical processes. Accordingly, the surface coverage for
a NP monolayer was estimated as (2.5 £ 0.5) x 10 '° mol ecm 2,
and corresponds to approximately 21% of an ideal close-packed
monolayer. Similar results were also reported by Leroux et al.**?
and Nasraoui,"** who investigated the electrochemical effects of
depositing dense layers of ethynyl-aryl functionalized using
azidomethylferrocene or aliphatic primary amines containing
a carboxylic or ester group at the opposite end, respectively.
While removing these tightly bound layers from the surface of
conventional carbon electrodes can be accomplished by
mechanical polishing, sonication, heat, electrochemical, and/or
solvent treatments; the thickness and topography of thin
carbon films fabricated by pyrolysis requires the development of
specific strategies. Among them, Gross et al.*** described a time-
and cost-effective procedure to regenerate electrochemical
activity of electrodes fabricated from pyrolysis of AZ 4620 and
then coated with an insulating film, attached via electrografting
from aryldiazonium salt solutions. In the report, a simple
heating treatment (at 545 °C for 30 min) was sufficient to
recover well-defined peak currents with slightly larger current
values and a peak-to-peak potential separation smaller than the
electrode performance prior to the modification and heat
treatment. Although applied to carbon fibers, Takmakov et al.**®
described a procedure that constantly renews the surface of
a carbon microelectrode using periodic triangle voltage excur-
sions to an extended anodic potential at a scan rate of 400 Vs,
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In-Channel Alignment

- Electrode is placed 5-20 ym
from the end of the separation
channel in the waste reservoir

Sample

- A Pd decoupler and the
electrode are placed directly in
the separation channel
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directly in the separation channel
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Fig. 2 Schematic diagram of different electrode alignments for microchips electrophoresis with electrochemical detection: (A) end-channel
electrode alignment, (B) off-channel electrode alignment, and (C) in-channel electrode alignment. Reprinted with permission from ref. 127.

The second strategy to improve the electrochemical detec-
tion of molecules using electrodes developed by pyrolysis is the
modification of the material itself (composites). As examples of
this approach, electrodes were fabricated by pyrolysis of Pon-
gam seed shells impregnated with cobalt oxide nanoparticles
(2-10 nm, PSAC/Co030,4).”* Upon characterization, the PSAC/
Co;0,-modified electrode was employed to develop a high
performance non-enzymatic glucose sensor and a super-
capacitor. Remarkably, the fabricated glucose sensor exhibited
an ultrahigh sensitivity of 34.2 mA mM ' cm™?, a very low LOD
(21 nM), and long-term durability. Along the same lines, Duran
et al.**® recently developed a procedure to generate CuNPs on
the structure of pyrolyzed paper. The methodology is based on
the pyrolysis (1000 °C under a mixture of 95% Ar-5% H, for 1 h)
of paper strips modified with a saturated solution of CuSO,
(1.3 M), which yields abundant CuNPs on the surface of
carbonized cellulose fibers (Fig. 3).

After being characterized by a combination of different
techniques (resistivity, microscopy, Raman spectroscopy, cyclic

voltammetry, and electrochemical impedance spectroscopy)
these CuNPs-modified carbon electrodes (CuNPs@CE) were
used for non-enzymatic amperometric detection of glucose at
+0.65 V (vs. Ag|AgCl|KClg,e). The analytical performance of the
glucose sensor displayed a linear range up to 3 mM with
a sensitivity of 460 & 8 pA ecm > mM ™' (R*> = 0.998), LOD = 5
uM, and LOQ = 17 uM and negligible response to common
interferences. Similarly, films containing multilayered gra-
phene (MLG) and gold nanoparticles (AuNPs-MLG) were
described by Ilanchezhiyan et al.**® In this case, a mixture of
HAuCl, and photoresist S-1813 G was spin-coated and pyrolyzed
using a rapid thermal annealing system (RTA). Raman spec-
troscopy demonstrated the presence of graphene layers by
revealing the sp” vibration of carbon atoms in the 2D hexagonal
lattice (G band) and the double-resonance process (2D band) in
the MLG (blank carbon films). AuNPs were found to be homo-
geneously attached over the graphene surface and without
significant aggregation, configuration that resulted in
a decrease in sheet resistance from 1100 Q sq~' (non-modified

{UTSA 10.0KVi14. 5mm xB50°SE

Fig. 3 SEM images of pyrolyzed paper fibers in absence (left) and presence (right) of CuNPs. Reprinted with permission from ref. 113.
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carbon films) to 459 Q sq ' (AuNPs-modified carbon films).
Authors associated this observation with a systematic down-
ward shift noted in XPS experiments and concluded that
a charge transfer process could be taking place between MLG
and Au.

It is important to mention that the surface of carbon
substrates features a number of chemical groups that can be
used to tailor the analytical properties of the resulting detection
electrodes. Therefore, a third alternative to improve the
performance of these electrodes is to modify the electrode's
surface. Under this category it is worth mentioning the possi-
bility of using bismuth to modify the surface of carbon elec-
trodes derived from pyrolyzed S-1813SP5 photoresist films."*” In
this case, electrodes were used for simultaneous determination
of Pb(u), Cd(u), and Zn(u) in aqueous solutions by stripping
analysis using square wave voltammetry (Esep = 0.025 V, Epyise
= 0.080 V vs. Ag|AgCl|KClg,, and frequency 25 Hz). After opti-
mizing the Bi(m) concentration on the modification procedure,
three well-defined peaks corresponding to Pb(u) (~—0.60 V),
Cd(u) (~—0.85 V), and Zn(u) (~—1.2 V) were obtained, with
linear responses in the 10-90 nM and calculated LODs in the
18-10 nM for all tested analytes. Rehacek et al. reported that
pyrolyzed SU-8 can also be modified with the same procedure
and the performance of the electrodes further improved by
coating the electrodes with Nafion."® The analytical sensitivities
of Nafion-coated BiFE towards Pb(u) and Cd(u) (398 and 539 pA
uM ", respectively) were twice higher than those observed for
bare BiFE electrodes (200 and 253 pA pM ™', respectively) but
only slightly improved for Zn(i) (170 pA pM ™). The resulting
LODs were calculated as 3 nM, 6 nM, and 24 nM for Pb(u), Cd(u),
and Zn(u), respectively. Other analytical applications of
bismuth-modified electrodes include the determination of trace
levels of Cd(u) and Pb(u),*® nickel,"* and chromium.**'*® Xiao
et al.**' deposited Pd nanoparticles in nanoporous carbon
electrodes fabricated by pyrolysis of substrates patterned using
interference lithography. To obtain the carbon electrodes,
a silicon wafer was sequentially coated with an anti-reflection
coating (ICON-7; Brewer Science, Roll, MO, USA), a thin layer of
negative tone NR7-100P (used as an adhesion layer) and a 6 pm
layer of NR7-6000P. The photoresist was patterned using a Q-
switched Nd:YAG laser, pyrolyzed, rinsed with isopropanol/
water, and electrochemically modified with Pd. As shown in
Fig. 4, porous electrodes with nanoparticles varying in shape,
density, and size were obtained as a function of the exposure
time and the applied potential.

Electrodes fabricated by applying —0.65 V during 100 s
rendered flower-like nanocrystals and were used to examine the
catalytic activity towards glucose. The presented Pd-modified
electrode showed higher current density (2.27 mA cm™? at
—0.03 V) than glassy carbon electrodes (0.30 mA cm™ > at —0.23
V) modified in the same way and allowed the fast (response time
<5 s) amperometric analysis of glucose (—0.2 V) in the 1-30 mM
range and a LOD = 10 pM. Depositing Ag-Pt nanoparticles onto
porous-structured polyacrylonitrile (PAN) nanofibers (pPAN)
has also allowed the defection of dopamine (linear range 10-
500 pM and a LOD of 0.11 pM) in the presence of uric acid and
ascorbic acid.**
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Another solution to improve the electrochemical activity of
electrodes fabricated by pyrolysis is to coat their surface with
traditional carbon-based nanomaterials. As an example of this
approach, Ligia Moretto's group performed the electrochemical
detection of o-toluidine (a carcinogenic organic compound
employed in the synthesis of azo-dyes) using electrodes modi-
fied with an spray containing CNT (0.25 mg mL ™~ ").*** Optimum
results were obtained by depositing 3 layers of the CNT
suspension dosed by a syringe pump at 2 mL min~ ' and sprayed
by a 3 bar air flux, from a distance of 9 cm, and keeping the
substrates at 120 °C to ensure solvent evaporation. In this case,
a sensitivity of 6.49 pA cm ™2 ppm ™, a LOD of 0.089 ppm, and
a LOQ of 0.270 ppm were reported. In a similar approach,
a commercial carbon-based paper (Toray Industries, Inc.;
Tokyo, Japan) was modified by the electrospinning of poly-
acrylonitrile fibers directly onto a polyacrylonitrile-coated
substrate followed by carbonization at 1200 °C."** This
substrates were used to detect dopamine in one of the widest
ranges reported to date (0.2 pM-0.7 M) and with a calculated
LOD of 0.08 M.

Not only solution-based methods have been applied to
modify the surface of glassy carbon electrodes. As an example,
Yang et al. used UV radiation (253.7 nm) and ammonia to
selectively modify carbon 3D structures (pillars) fabricated from
pyrolyzed SU-8.**° This direct amination process required about
4 h and enabled the attachment of ss-DNA to the top surface of
the carbon substrates. Aiming to optimize the surface func-
tionalization conditions for covalent binding of bioreceptors,
a comparison of different oxidation pretreatments (vacuum
ultraviolet, electrochemical activation, oxygen reactive ion
etching, and ultraviolet/ozone) was also recently published.***
Similarly, films derived from positive AZ 4620 photoresist were
iodinated by plasma exposure with iodine and then allowed to
react with alkene (undecylenic acid and S-undec-10-enyl-2,2,2-
trifluoroethanethioate, C,;-S-TFA) and alkyne (1,8-nonadiyne)
compounds for 12-16 h under light exposure (A = 514 nm).
Although in both cases the electrochemical data was compatible
with the formation of a densely packed layer formed at the
interface (in line with previously discussed reports'***3*),
removal of the protective TFA from the alkene-modified films
revealed thiol moieties which were used to bind gold nano-
particles. On the other hand, the 1,8-nonadiyne-modified
surface was used to attach an azide derived from tetra(ethylene
glycol) using “click” chemistry, generating hydrophobic
surfaces with potential applications in the control of surface
adhesion of biomolecules.

3.2 Development of biosensors

Beyond the biosensing applications of previously discussed
substrates,***¢'*! 3 number of research groups have presented
biosensors based on carbon substrates developed by pyrol-
ysis."® As specific examples, carbon fibers fabricated by the
pyrolysis of electrospun polyacrylonitrile fibers were cut into
disks and modified with glucose oxidase using a solution con-
taining Nafion. The resulting electrodes were operated in PBS
(pH = 7.0) with an applied electrode potential of —0.42 V and
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Fig.4 SEM images of Pd-modified 3D porous carbon electrodes. (A—E) Deposition at —0.65 V for 5, 10, 20, 50, and 100 s. (F) Deposition at —0.45

V for 100 s. Reprinted with permission from ref. 141.

yielded a linear response range from 0.2 to 1.2 mM (R = 0.998)
and a LOD of 60 uM."” Another example of the great potential of
3D carbon electrodes developed by pyrolysis of SU-8 is the
detection of a platelet-derived growth factor (PDGF-BB) onco-
protein.**® In this case, the detection mechanism is based on the
release of fluorophore (TOTO intercalating dye) from the target
binding aptamer's stem structure when it captures PDGF,
showing near linear relationship between the relative fluores-
cence difference and protein concentration even in the sub-
nanomolar range with a detection limit of 5 pmol. As shown in
Fig. 5, similar structures were later modified via vacuum and UV
light to introduce ~-COOH groups and applied for the detection

(@ b)  on

3D carbon micropillars C—IO
1

/N e

’

p
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VUV Treatment

saa888 s

Regeneration
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Aptamer

of a HIV peptide down to 50 pM levels, which is well-within the
useful clinical range.**®

Taking advantage of their high affinity for carbon surfaces,”®
a number of biomolecules have been immobilized on the
surface of various carbon substrates via adsorption.
Additionally, and because adsorption is a step required for most
immobilization processes, much attention has been given to
this process to maximize the overall activity of the biosensor.'”
The only caveat to take advantage of this possibility and maxi-
mize the activity of the adsorbed enzyme is the necessity to gain
a detailed description of the driving forces and consequences of
the interaction process. In this regard, carbon electrodes

150-152

(c)
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Fig. 5 Schematic illustration of the detection of HIV-TAT peptide using RNA aptamers on 3D carbon microarrays platform; (a) bare carbon
micropillar platform, (b) surface functionalization of the carbon surface using vacuum and UV light pretreatment, (c) covalent immobilization of
the probe RNA aptamer, (d) intercalating the HIV-TAT peptide to the probe aptamer (e) binding of the fluorescence labelled RNAT aptamer with
the probe RNA aptamer forming a duplex with Tat peptide in between. Reproduced with permission from ref. 149.
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obtained from pyrolysis of photoresist (AZ 4330-RS) present
a unique balance of optical, electrical, and chemical proper-
ties® to perform such studies in real time and under a variety of
experimental conditions. For the cases described by our group,
and performed by spectroscopic ellipsometry (related informa-
tion available elsewhere'**'**); electrodes with a thickness of
about 20 nm were considered most appropriate and prepared
using a 60% dilution of the photoresist in propylene glycol
monomethyl ether acetate (T = 43%, and R = 631 Q). The
unique aspect of these electrodes is that they enabled investi-
gating the effect of electric potential applied during the
adsorption process of various proteins relevant to analytical
applications.’>**>*%” As a summary of those experiments, it can
be concluded that unlike adsorption at open-circuit potential,
where a combination of electrostatic and hydrophobic forces
typically leads to the formation of a monolayer of enzymes with
different final activity, the application of potential (up to the
corresponding peak potential'**) can polarize the incoming
proteins and induce the deposition of multiple layers of
proteins. For the specific case of glucose oxidase, this potential-
induced phenomenon can result in carbon substrates with
a catalytic activity that is twice as large as the activity of elec-
trodes prepared at open-circuit potential.

3.3 Dielectrophoresis

Although metallic electrodes have been traditionally used to
develop devices for dielectrophoresis, few groups have noted
that glass-like carbon electrodes offer a wider electrochemical
stability window (limited electrolysis) than gold and platinum,
are not limited to planar geometries, and can be fabricated at
relatively low-cost. Martinez-Duarte et al.**® developed a carbon-
electrode dielectrophoresis (carbonDEP) array as an alternative
to the traditional DEP techniques. SU-8 negative photoresist
was used as carbon precursor and UV-photolithography utilized
to pattern arrays with high aspect ratios on transparent fused-
silica substrates. After characterizing the processing parameters
(spin coating, soft and hard bake, UV exposure, etc.), the most
appropriate conditions were selected to develop applications
including positioning, filtering, and sorting of latex particles,
Drosophila melanogaster cells," and Saccharomyces cerevisiae
cells.’® An experimental and theoretical study was also per-
formed using 3D electrodes contained in a microfluidic channel
for DEP manipulation of A-DNA (48.5 kbp) by Martinez-Duarte
et al.™* The structure of the array consisted of planar interdig-
itated fingers connected to large connection pads, and then 3D
electrodes of 95 £ 5 um in height were fabricated on top of each
interdigitated fingers. Experimental results demonstrated that
DNA can be manipulated and trapped with these carbon elec-
trodes, yielding a ~20-fold enrichment of 48.5 A-DNA (accord-
ing to the theoretical model presented). CarbonDEP has also
been demonstrated in an assay to concentrate and purify yeast
populations to improve the sensitivity of a standard PCR
protocol by increasing the number of targets and eliminating
a common polymerase inhibitor.’®* A similar assay was also
used to concentrate Mycobacterium smegmatis cells surviving
exposure to antibiotics, towards providing a tool to facilitate the
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study of persistent bacterial populations in tuberculosis.**>
These 3D carbon electrode arrays were also used to implement
electrical cell lysis of both yeast cells and T-cell acute lympho-
blastic leukemia (RPMI8402) cells. The use of dense electrode
arrays allowed for high throughput lysis at flow rates as high as
100 pl min~*.1%

3.4 Solid phases for separations

In general, the interaction of glassy carbon substrates with
analytes is determined by a combination of hydrophobic and
electrostatic forces as well as their potential to interact via -
stacking.'®* In order to preconcentrate pesticides, films of pol-
ydopamine were prepared and in alkaline media over stainless-
steel fibers. These fibers provided a simple way to obtain
enrichment factors in the 102-757 range.'®® Zewe et al.’*® used
glassy carbon fibers obtained by electrospinning of SU-8 2100
photoresist onto stainless steel wires and subsequent pyrolysis
(at 400, 600, and 800 °C) for solid-phase microextraction (SPME)
of nonpolar (benzene, toluene, ethylbenzene, and o-xylene) and
polar (phenol, 4-chlorophenol, and 4-nitrophenol) compounds.
After pyrolysis (400-600 °C range), the carbon nanofibers
showed an increased porosity and surface area, trend that was
reversed for samples obtained at 800 °C. Additionally, micro-
pores (with widths of 20 A or less) represented about 20% of the
porosity and the average pore diameter decreased accordingly
the increment of processing temperature. Although the fibers
obtained at 600 °C exhibited the higher extraction efficiency for
nonpolar compounds, the distribution coefficient for benzene
demonstrated increasing interactions with the carbon fibers as
the processing temperature increased. Similarly, the develop-
ment and application of electrospun glassy carbon nanofibers
for ultra-thin layer chromatography (UTLC) was reported by
Clark et al.**” In this case, carbon nanofibers obtained by the
electrospinning and pyrolysis of SU-8 2100 photoresist were
used as stationary phase. Three different temperatures (600,
800, and 1000 °C) were used to pyrolyzed the samples. In line
with the shrinkage phenomenon previously discussed, carbon
fibers with larger diameters were obtained at 600 °C and dis-
played the fastest mobile phase velocities, the biggest effective
pore radius, and the highest hydrophilic character. These
parameters tend to decrease as the carbonization temperature
increased, and allowed the separation of a mixture of sulfo-
rhodamine 640, rhodamine 610 perchlorate, and pyrromethene
597. More recently, C. Lucy's group described the possibility of
modifying commercial porous graphitic carbon particles with
carboxylic acid groups and their use as stationary phase for
hydrophilic interaction liquid chromatography.'*®® Taking
advantage of its electrical properties, one of the most inter-
esting applications of carbon in separation science was the
development of electrochemically modulated liquid chroma-
tography.'*'”* In this separation technique, the selectivity of
the column can be dynamically adjusted by changing the
potential applied to a column made of glassy carbon. While this
approach has not received all the attention its probably
deserves, Yakes'* and Barrow'”> have developed methods for
the separation of triazines and a mixture of acrylamide and
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hydrocortisone, respectively. The latter report also serves as
example of the potential of these columns to be patterned into
a microfluidic-type device.

4. Conclusions and future directions

Considering the number of issues that can affect the response
of traditional electrode materials (both metallic and carbon-
based'”®), the increasing interest for the development of glassy
carbon from pyrolysis of various solid materials is clearly
justified. Glassy carbon substrates (defined as those fabricated
from pyrolysis of pre-deposited, non-volatile substrates) offer
unique properties that can be finely tuned to meet the
requirements of a diverse number of analytical methodologies
including those based on optical, electrochemical, or chro-
matographic principles. At this point, the mechanism involved
in the pyrolysis step is fairly well established and renders
substrates that progressively release compounds with low-MW,
non-carbon elements (oxygen and hydrogen), compact, and
crosslink; therefore increasing the conductivity and hydropho-
bicity of the resulting material. While the general properties of
carbon-based substrates can be slightly adjusted by adequately
selecting the starting material and the deposition conditions
(which in turn affects the roughness, thickness, transparency,
and resistivity), the structural composition of the resulting films
(graphitic vs. disordered fraction) does not seem to respond to
any of the variables involved in the pyrolysis. To the best of our
knowledge, only few reports have described the potential role of
metals in a so-called local-CVD process®” that could lead to
significant increases of the graphitic fraction in these substrates
via a catalyzed mechanism. In this regard it should be noted
that while copper foil seems to facilitate the formation of gra-
phene,” the pyrolysis of organic materials containing metallic
ions (e.g. copper-impregnated paper'® or metal-organic
frameworks'”*) has not yet lead to significant improvements in
the graphitic fraction in the resulting composites. Another area
where these materials could have a large impact in the near
future is the development of novel separation phases'”>"”” and
multifunctional materials, where the electrical and/or optical
properties can be adjusted in response to external stimuli. In
summary, the presented results show a number of examples
that highlight the advantages of carbon substrates prepared by
pyrolysis, provide a glimpse of the intriguing complexity of the
chemical reactions occurring at high temperatures, and indi-
cate that that many more applications are expected to further
enrich the body of literature in this field.
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