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COMMUNICATION
Revving up for sensing: We
developed a platform for voltageactivated,
chemiresistive
gas
detection based on covalently
functionalized single-walled carbon
nanotubes (SWCNTs) decorated
with voltage-responsive chemical
selectors. The sensor is highly
selective towards CO over oxygen,
nitrogen, and carbon dioxide and is
robust to humidity and remains
operational in air.
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Abstract
Carbon monoxide (CO) outcompetes oxygen when binding to the iron center of
hemeproteins, leading to a reduction in blood oxygen level and acute poisoning. Harvesting the
strong specific interaction between CO and the iron porphyrin provides a highly selective and
customizable sensor. We report the development of chemiresistive sensors with voltage-activated
sensitivity for the detection of CO comprising iron porphyrin and functionalized single walled
carbon nanotubes (F-SWCNTs). Modulation of the gate voltage offers a predicted extra dimension
for sensing. Specifically, the sensors show significant increase in sensitivity toward CO when
negative gate voltage is applied. The dosimetric sensors are selective to ppm levels of CO and
functional in air. UV-Vis spectroscopy, differential pulse voltammetry, and density functional
theory reveal that the in situ reduction of FeIII to FeII enhances the interaction between the FSWCNTs and CO. Our results illustrate a new mode of sensors wherein redox active recognition
units are voltage-activated to give enhanced and highly specific responses.

Introduction
Carbon monoxide (CO) is responsible for more than half of all fatal poisoning
worldwide.[1] Exposure to the colorless, tasteless, and odorless gas is difficult to discern as the
initial symptoms of poisoning (headache, dizziness, and confusion) are nonspecific. In the United
States, the Occupational Safety and Health Administration (OSHA) has designated permissible
exposure limits of 50 ppm over eight hours and 200 ppm over five minutes.[2] The affinity of iron
porphyrin towards CO is well-documented for the enzymes cytochrome P450,[3–5] hemoglobin,[6]
and myoglobin.[7] This high affinity for CO over O2 of hemoglobin and myoglobin is the
underlying mechanism of carbon monoxide poisoning in mammals.[8,9] Although detectors for CO
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are available, there remains a need for massively distributed sensors that are small and inexpensive
to prevent poisoning in domestic and industrial environments. Single walled carbon nanotube
(SWCNT) chemiresistors and chemical field effect transistors (ChemFET) have been shown to
provide suitable platforms for the detection of various gases.[10–15] Random networks of
functionalized SWCNTs have produced sensors that are inexpensive to fabricate, operate at room
temperature, and have ultra-low power requirements.[16,17] Theoretical and experimental reports
have suggested that CO does not engage in charge transfer with pristine SWCNTs,[18–20] indicating
the a chemical reactive interface is necessary. Conductivity-based CO detection has been reported
for carboxylate-containing,[19] deformed,[21] or doped SWCNTs,[22] as well as SWCNTs dispersed
in polymers[23] or decorated with metallic nanoparticles.[24] Alternatively, non-chemiresistive
examples of SWCNT CO detectors rely on other mechanisms including changes in capacitance[25]
and resonant frequency.[26]
Although as summarized CO detectors based on SWCNTs have been reported, none make
use of an in situ activated selector to produce additional selectivity and sensitivity. Previously, our
group reported a chemiresistive sensor using an organocobalt complex to bind CO.[27] The cobalt
selector demonstrated exceptional selectivity in air; however, the mechanism of detection required
mobility of the complex which was provided by a fluid matrix and the lowest experimentally
detected concentration was 800 ppm. Dong et al. has reported heme-modified chromium electrodes
capable of CO detection in N2, but device-to-device reproducibility, selectivity, and air stability
were not reported.[28] Even with these successful examples, the responsivity of the selectors cannot
be controlled externally, which may limit the functionality of the sensors.
A selector with a predictive modulated responsiveness enables more information to be
extracted from a single sensor element. To this effect, we designed CO detectors comprising
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pyridyl-functionalized SWCNTs as the matrix and bio-inspired iron porphyrin, a core element of
many metalloenzymes/proteins,[29–32] as a selector that can be activated and deactivated by
modifying the gate voltage (Figure 1). FeIII porphyrin is the persistent state in ambient atmosphere,
however only the air sensitive FeII binds CO. As a result, we reasoned that an applied gate voltage
can transiently reduce the iron porphyrin in situ from FeIII to FeII and thus enabling CO binding.
The redox equilibration between SWCNTs and a FeII porphyrin and the prospects for detecting
CO have been analyzed computationally, for a system comprising two-SWCNTs covalently linked
via an iron(II) porphyrin.[33] Additionally, iron porphyrin-based CO detection schemes have been
investigated in biological systems.[34] We have applied a recently developed scheme for iodonium
functionalization to precisely attach single aromatic rings to the sidewalls of SWCNTs.[35] This
method allows us to confidently install a pyridyl group attached in the 4 position to the SWCNT
for anchoring of the 5,10,15,20-tetraphenyl-porphyrin iron(III) perchlorate (Fe(tpp)ClO4) that
serves as our redox active CO binding site.
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Figure 1. Carbon monoxide detection by a bio-inspired sensors. Schematic of a field-effect transistor (FET) substrate
with Au source-drain electrodes, and Ti adhesion layer deposited on SiO2 dielectric layer and Si gate electrode.
Chemical structures of pyridyl-functionalized single wall carbon nanotubes (F-SWCNTs) and iron porphyrin
(Fe(tpp)ClO4), depicting the coordination chemistry of the pyridyl group to the iron center of the porphyrin.

Results and discussion
In developing an optimal sensor, the density of the CO binding and transducing sites is
critical. We controlled the density of pyridyl groups on the SWCNTs by the ratio of pristine
SWCNTs to sodium naphthalide and pyridyl iodonium salt during synthesis, (Figure S2). Using
a ratio of 1:0.05:0.05 equivalents of pristine CNT, sodium naphthalide and iodonium salt,
respectively,[35] we obtained 1.4 pyridyl groups per 100 SWCNT carbon atoms (F-SWCNT-1).
1

H NMR analysis of the post-functionalization filtrate confirmed that the pyridyl groups was the

dominant functional group on the SWCNTs (Figure S4). Doubling the amount of sodium
naphthalide and iodonium salt in relation to the pristine SWCNTs increased the pyridyl
concentration to 1.9 per every 100 SWCNT carbon atoms (F-SWCNT-2). Further doubling of the
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two reactants only resulted in a small increase of functionalization of 2.0 per 100 SWCNT carbon
atoms (F-SWCNT-3). Figure 2a shows the average change in conductance normalized to the
initial conductance (ΔG/G0) of sensors with the different levels of functionalization in response to
2 min exposures of 200 ppm CO after a linear baseline correction. This post-acquisition data
processing was used to mitigate the slight drift in the conductance of the sensors. Sensors without
iron porphyrin—both pristine (not shown) and functionalized (black curve) SWCNTs—showed
negligible responses to CO, which was consistent with the previous reports.[18–20,27]

Figure 2. Sensing responses at no gate voltages. (a) Average changes in the conductance and standard deviations (N
≥ 6 sensors) in response to 2 min exposures to 200 ppm of CO for F-SWCNTs without Fe(tpp)ClO4 (black), pristine
SWCNTs with Fe(tpp)ClO4 (green), and three densities of functionalization (red, blue, violet). (b) Conductance
changes of F-SWCNT-1 with Fe(tpp)ClO4 in response to various concentrations of CO gas diluted in N 2.

Sensors with iron porphyrin showed dosimetric responses indicating irreversibility over
the experimental time frame. Pristine SWCNTs (lacking the 4-pyridyl anchor group) when treated
with Fe(tpp)ClO4 (green curve) showed a modest response (–0.57 ± 0.09 %). The response
increased significantly with the introduction of sidewall pyridyl groups in F-SWCNT-1 (–1.08 ±
0.05 %). We hypothesize that the increase of the signal reflects improved electronic
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communication and special organization of the SWCNTs and Fe(tpp)ClO4. Differential pulse
voltammetry (DPV) of pristine SWCNTs and F-SWCNT-1 treated with Fe(tpp)ClO4 confirms
that the pyridyl facilitates electron transfer to the Fe center (Figure S6). The decrease in
conductance upon exposure to CO is consistent with the sensors comprising a p-type polymer and
iron porphyrin reported by Paul et al.[36] Additionally, the observed decrease in conductivity of the
sensors is consistent with the DFT prediction by Zhao and coworkers.[33]
Higher densities of pyridyl groups (F-SWCNT-2 and F-SWCNT-3) produced a decreased
response (blue and purple curves), suggesting that a detrimental perturbation of the SWCNT sp2
networks occurred with high levels of covalent functionalization.[37–39] As shown in the
Ultraviolet-visible-near infrared (UV-Vis-NIR) spectra (Figure S3d), the disappearance of the
Van Hove transitions in F-SWCNT-2 and F-SWCNT-3 verified the degraded extended electronic
structures of the SWCNTs. This result highlights the importance of balancing the degree of
functionalization and preserving the native characteristics of the SWCNT.
To evaluate the real-world applicability of our sensors, we have investigated sensitivity
and selectivity. Figure 2b summarized the responses to various concentrations of CO. The lowest
detected concentration was 80 ppm of CO in N2, well within the range of industry standards for
CO detectors (Table S3) and the OSHA’s limit of 200 ppm during a 5 min period.[2] As a result
of the irreversibility of our sensors, lower concentrations can be detected at longer exposure times.
We have further determined that our CO sensors give robust responses in humid air (42 % relative
humidity) (Figure 3a). Figure 3b shows the responses to CO2 and O2. The sensors have negligible
responses to 8000 ppm CO2 (–0.08 ± 0.04 %). For O2 at 8000 ppm (ambient atmosphere is 209,500
ppm O2) we observed a moderate response (–0.48 ± 0.03 %). These findings reflect the relative
binding strengths between iron porphyrin and selected small molecules (CO > O2 > CO2).[40–42]
8

The fact that CO outcompetes the binding of O2 allows our sensor to operate under ambient
conditions.

Figure 3. Robustness and selectivity of the CO sensors. (a) Conductance curves of F-SWCNT-1 with Fe(tpp)ClO4
sensors in response to 2 min of 200 ppm of CO gas in air (42 % relative humidity) and dry N2. (b) Comparison between
the response to CO in both N2 and air to the responses to CO2 and O2.

To verify that the sensing mechanism arises from the interaction between CO and iron(II)
porphyrin, we performed parallel solution studies.[43] FeIII(tpp)ClO4 can be chemically reduced to
FeII(tpp) in THF solution using Na metal; in the UV-Vis, this change is observed as a red shift of
Δλ = 16 nm (Figure 4a and 4b). The reduced species is moderately stable towards re-oxidation in
air (Figure S9a). Addition of CO to a THF solution of FeIII(tpp)ClO4 (Figure 4c) produces no
response, whereas FeII(tpp) reacts quickly with CO as evidenced in a blue shift of Δλ = 16 nm
(Figure 4b and 4d).[34] We note here that this shift was stable after the removal of CO (Figure
S9b), which is consistent with the irreversible binding of CO to the porphyrin. Our spectroscopic
studies are in line with previous solution studies of CO binding to porphyrins.[44] Additionally,
DPV of the composite of F-SWCNT-1 and iron porphyrin showed a decrease in intensity of the
reduction peak from FeIII to FeII when exposed to CO, (Figure S6). We ascribed this observation
9

to the fact that CO attenuates the re-oxidation of FeII.[45] These findings support our hypothesis
that in situ reduction of the iron porphyrin will provide for increased sensor response due to a
stronger interaction with CO.

Figure 4. UV-Vis investigation of reactivity of Fe(tpp)ClO4 to CO in solution of THF. (a) Fe(tpp)ClO4 before and at
various times after addition of Na metal. (b) Photograph of the color change with the addition of sodium metal and
subsequent addition of carbon monoxide. (c) Non-reduced Fe(tpp)ClO4 before and after addition of CO. (d) Blue shift
in the spectra of fully reduced porphyrin upon addition of CO.

Having established the base chemiresistive behavior, we investigated the effect of the
applied gate voltage on the responsiveness of our sensors. We expected based on our UV-Vis and
DPV investigations that the application of the gate voltage would affect the redox state of the iron
porphyrin. Figure 5a shows the average change in conductance of the sensors with the applied
gate voltage of –3, 0, and 3 V when exposed to 200 ppm CO. Figure 5b summarizes the change
in conductance upon exposure to CO as a function of the applied gate voltage. At a gate voltage
of –3 V, the response increased to –1.96 ± 0.16 %, nearly doubling the response at VG = 0. The
10

response towards CO strongly increased upon application of negative gate voltage and decreased
upon application of a positive gate voltage. We have determined that the semiconducting nature
of F-SWCNT-1 is not responsible for this behavior as both the F-SWCNT-1 with and without
FeIII(tpp)ClO4 (and P-SWCNTs) display metallic transfer characteristics (Figure S13). UV-Vis
spectroscopy reveals that the iron porphyrin was partially reduced by the SWCNTs when initially
deposited on the sensors (Figure S9c). This accounts for the enhanced sensitivity with
FeIII(tpp)ClO4 addition and the attenuation of the response to CO under positive gate voltage.
Inversely, the application of a negative gate voltage reduces the porphyrin in situ thereby
increasing the affinity towards CO, the electron accepting ligand. We attributed the mechanism to
a change in the Fermi energy level of the F-SWCNTs with applied gate voltage that then increases
the proportion of reduced iron porphyrin. Figure 5c schematically illustrates the in situ reduction
of FeIII to FeII with a change in the SWCNT Fermi level. Hence we achieve a stronger interaction
between the FeII center and the σ-donating, π-accepting CO ligand.
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Figure 5. Enhancement in sensitivity via application of the gate voltage. (a) Conductance curves of F-SWCNT-1 with
Fe(tpp)ClO4 sensors in response to 2 min of 200 ppm of CO at +3, 0, and –3 V gate voltage. (b) Change in conductance
towards an exposure of 2 min at 200 ppm of CO as a function of the gate voltage. Dashed line to guide the eye. (c)
Schematic of band diagram of SWCNT and FeIIIpy(tpp)ClO4 (py = pyridine) and interactions between the two upon
application of gate voltage.

To gain further insights into the sensing mechanism, we performed density functional
theory (DFT) calculations on a SWCNT fragment with FeII porphyrin in the presence and absence
of small gaseous ligands (O2 and CO). We chose to model a fragment of (5,5) SWCNT containing
110 carbon atoms end-capped with hydrogen atoms for comparison to established procedures.[46–
48]

This approach is similar to that used by Zanolli et al. who used the computed location of the

Fermi level to illuminate the sensing behaviors of a gold-decorated SWCNT.[46] The ground-state
geometries, computed distance between the SWCNT and Fe, the bond lengths between Fe and the
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ligands, binding angles between Fe and the ligands, and the charge transfer between SWCNT and
porphyrin are shown in Figure S10 and Table S4. Figure 6 shows the change in computed Fermi
energy (ΔEf) upon adsorption of FeII porphyrin to a (5,5) SWCNT fragment and the subsequent
binding of CO or O2. The adsorption of FeII porphyrin increased the Fermi level by 0.12 eV.
Binding of CO and O2 both reduced the Fermi level by 0.19 eV and 0.04 eV, respectively.
Consistent with our sensing results, the binding of CO induced a more pronounced change when
compared to the binding of O2. This computed change in Fermi energy is in line with the trends of
the sensing data and the decrease in conductance upon binding of CO and O2. Although other
sensing mechanisms have been reported, such as swelling of the SWCNT network or the junctions
between electrode and SWCNT, electron transfer has been shown as the dominant factor in the
majority of porphyrin-based SWCNT sensors.[13,44,49]

Figure 6. Computed change in the Fermi energy (ΔEF) upon addition of FeII porphyrin and subsequent addition of
CO or O2 relative to the Fermi energy of the pristine SWCNT with inserts of the ground-state geometries. For these
molecules the Fermi level is defined as the level of the HOMO.
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Conclusions
In conclusion, we developed an amperometric platform for the detection of CO with
voltage-modulated sensitivity using the bio-inspired interaction between CO and iron porphyrin.
We demonstrate the importance of installing covalent pyridyl ligands on the SWCNTs for
localizing and electronically coupling the iron porphyrins to the carbon nanotubes. We further
demonstrated that the application of the gate voltage can significantly enhanced the sensitivity of
the sensors and show that this enhancement can be understood as resulting from an increase of FeII
porphyrin species. Our sensors function in oxygenated and humid conditions and have sensitivities
to meet the limits of detection required by OSHA. While we are competitive in terms of sensitivity
and response time with commercial sensors, we did not pursue optimizations in this current report.
The concept of using gate modulated redox states of receptors/selectors attached to SWCNTs is
likely to have general applicability and we are seeking to demonstrate similarly selective sensors
for other analytes.
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