
Journal of Physics: Condensed
Matter

     

PAPER

Porphyrin molecules boost the sensitivity of
epitaxial graphene for NH3 detection

To cite this article: I Iezhokin et al 2017 J. Phys.: Condens. Matter 29 065001

 

View the article online for updates and enhancements.

You may also like
Quasi free-standing epitaxial graphene
fabrication on 3C–SiC/Si(111)
Mojtaba Amjadipour, Anton Tadich, John J
Boeckl et al.

-

Adjustable polarization-independent wide-
incident-angle broadband far-infrared
absorber
Jiu-Sheng Li,  , Xu-Sheng Chen et al.

-

Epitaxial graphene gas sensors on SiC
substrate with high sensitivity
Cui Yu, Qingbin Liu, Zezhao He et al.

-

This content was downloaded from IP address 18.116.63.174 on 25/04/2024 at 20:45

https://doi.org/10.1088/1361-648X/29/6/065001
https://iopscience.iop.org/article/10.1088/1361-6528/aaab1a
https://iopscience.iop.org/article/10.1088/1361-6528/aaab1a
https://iopscience.iop.org/article/10.1088/1674-1056/ab8892
https://iopscience.iop.org/article/10.1088/1674-1056/ab8892
https://iopscience.iop.org/article/10.1088/1674-1056/ab8892
https://iopscience.iop.org/article/10.1088/1674-4926/41/3/032101
https://iopscience.iop.org/article/10.1088/1674-4926/41/3/032101


1 © 2016 IOP Publishing Ltd  Printed in the UK

Introduction

The electronic properties of graphene are highly sensitive to 
the interaction of molecules at its surface. The binding of mol-
ecules alters the carrier density and the charge transfer [1–5], 
which results in changes of the conductance of the graphene 
sheet. Even a low number of molecules at the surface can 
already lead to a measurable effect [1] and therefore graphene 
is a promising material to be used as a chemical sensor. The 
sensitivity and selectivity for gas sensing of graphene devices 
is determined by the chemical interaction between the mol-
ecule and the graphene surface, i.e. the electronic structure 
of both. Exploiting the full potential offered by graphene in 
sensing applications requires extensive fundamental studies 
on the behavior of the surface of graphene upon their chem-
ical, electronic interaction with gas and receptor molecules. 
Surface non-covalent modification with receptor molecules 
can allow for an enhanced sensing performance in terms of 
selectivity and sensitivity.

The functionalized graphene sensors used in this work 
are based on quasi-free standing epitaxial grapheme [6, 7]. 
A major advantage of epitaxial graphene over the other gra-
phene allotropes is its clean fabrication method which avoids 

processing pollutants such as poly(methylmethacrylate) 
(PMMA) [2] that can influence the sensing. Moreover, it 
allows for easy up-scaling of device fabrication. Recently, we 
have shown highly sensitive epitaxial graphene gas sensors 
for NO2 with a sub-ppb sensitivity. These sensors, however, 
are not sensitive to for instance NH3 and CO [8].

Metalloporphyrins (MP) are aromatic square plane mol-
ecules with incorporated metal atoms in a tetradentate fashion 
(Cu, Fe, Co etc).These molecules are an attractive platform 
for gas sensing because they are able to specifically bind cer-
tain analytes [9, 10] as axial ligands to their metal centers. 
Particularly cobalt porphyrins are known to bind to amines 
[11, 12]. In the case of MPs and NH3, this interaction is asso-
ciated with the nature of the central metal ion of the MPs. In 
comparison to other transition metal ions, the formation of 
the complex between a cobalt porphyrin and a NH3 ligand is 
most favorable among other metal-ligand pairs due to its large 
charge transfer [13].

The sensing properties of transition metal cobalt porphy-
rins are nicely demonstrated in [15], for the case of a porphyrin 
thin-film FET as a gas sensor; however, the very low elec-
trical conductivity of the porphyrin is a significant drawback 
for chemi-resistive sensors [16]. Indeed, there are many other 
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examples of devices based on the trans-conductance approach 
which could overcome the problem of the low porphyrin con-
ductivity, using different types of porphyrins for surface func-
tionalization [17, 18]. One of the promising examples of such 
an approach has been shown for InAs nanowires functional-
ized with a metalloporphyrin (Hemin) demonstrating a ppb-
level sensitivity to NOx gas family species [19].

The morphology of the porphyrin molecules on surfaces 
is an important issue to use them for the chemical modifica-
tion of the graphene surface; it is known that they can form 
self-assembled monolayers on graphite after stabilizing 
them with alkyl chains [20].The deposition of metal-porphy-
rins on graphene leads to a non-covalent functionalization, 
i.e. their aromatic core is non-covalently bonded to the gra-
phene surface through the π-system, while the enhanced π–π 
electron interaction will influence the electronic structure of 
graphene and lead to a charge transfer and/or a shift of the 
Fermi level [21, 22].

In the current paper, we functionalize quasi-freestanding 
graphene by cobalt porphyrin deposition to improve the sen-
sitivity for detecting NH3 molecules. Furthermore, we will 
address the chemical functionalization role of a cobalt por-
phyrin molecule layer as an important intermediate layer 
between the graphene surface and the adsorbing molecule 
NH3. Pristine epitaxial and exfoliated graphene are not sensi-
tive enough for the detection of NH3 in ppb range due to a 
poor chemical interaction [23, 24]. However, NH3 in chemical 
contact with a Co-porphyrin layer alters the carrier density 

in graphene, resulting in a ppb (parts per billion) range NH3 
sensitivity as determined by Van der Pauw resistance and in 
situ Hall measurements. These methods provide advantages 
for real time monitoring of the graphene sheet resistance upon 
NH3 adsorption.

Results and discussion

We used quasi-freestanding epitaxial graphene (QFeG) sam-
ples [8] for NH3 sensing experiments. The QFeG samples 
were grown by thermal decomposition on the siliconcar-
bide (0 0 0 1) surface and show a linear electron dispersion 
at the K-point. The Co-porphyrin layer(s) were formed  
by physisorbing 5,10,15,20-meso-tetrakis-nonadecylporphy-
rinato cobalt(II) (CoMP) molecules on the graphene surface 
by dropcasting, followed by drying, as shown in figure 2, in a 
nitrogen flow. The morphology was obtained with an Atomic 
Force Microscope (AFM) as is shown in figure 1.

The topology and phase image of clean QFeG are pre-
sented in figures 1(a) and (d) respectively. The terraces are 
typically 4 µm in width and have a step-height of about 
10 nm; in the phase image (figure 1(d)), recorded simultane-
ously with the topology, the terraces consist mainly of single 
layer (dark) graphene with a narrow region of bilayer (bright) 
graphene at the terrace edges. The topology of CoMP-QFeG 
is shown in figure 1(b) and the corresponding phase image in 
figure 1(e). In the phase image the contrast between single 

Figure 1.  Atomic force micrograph of QFeG and functionalized with CoMP porphyrin. Height image (a) showing terraces together with 
AFM phase image (d) for clean QFeG sample. Height (b) and phase (e) AFM images for CoMP-QFeG sample. Zoomed height (c) and 
phase (f) images show the morphology of CoMP-QFeG surface. The inset at (c) shows a cross-section of the typical clusters on the surface 
of functionalized graphene sample.
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and bilayer is not observed and the terraces look very homo-
geneous which can be understood due to the presence of 
CoMP molecules as a closed layer or layers on the graphene 
surface. A zoomed-in height and phase image, figures  1(c) 
and (f) respectively, of the CoMP-QFeG surface shows addi-
tionally clusters with a 50 nm diameter and a height around 
10 nm (see inset figure 1(c)). These clusters cover about 5% 
of the CoMP layer surface and are likely formed by aggre-
gated CoMP molecules. In the sensing experiments, the 
device current passes mainly through the graphene layer and 
not through the porphyrin layer, as it has already been shown 
in literature that the conductance of the porphyrin layer is 
much lower; the carrier mobility of the porphyrin layer is 
5  ×  10−4 cm2 V−1 s−1 [17] compared to 1200 cm2 V−1 s−1 
for clean QFeG before functionalization and was measured 
with van der Pauw method.

Chemical characterization is performed by x-ray photoelec-
tron spectroscopy (XPS) as is shown in figure 3. The adsorp-
tion of the porphyrin molecules on the graphene layer grown on 
SiC has been investigated by means of core-level photoemis-
sion. In the XPS wide scans for clean QFeG and CoMP-QFeG 
in figures 3(a) and (b) a contribution of carbon, silicon as well 
(figure A4(c) and (d) respectively) as nitrogen and cobalt after 
porphyrin dosing is present. In the porphyrin covered sample 
also a relative large contribution of oxygen is visible, which 
can be explained by H2O adhered to the porphyrin molecules 
during the adsorption process on grapheme [25].

In figure 3(a) the C-1s for QFeG contribution at 284.3 eV eV  
can be assigned to the graphene contribution (C atoms in sp2 
configuration). The component located at 282.6 eV is attrib-
uted to the substrate bulk-SiC. This peak is shifted to lower 
binding energies in comparison to epitaxial graphene due to 
the pyroelectric effects in bulk SiC, resulting from a strong 
polarization effect [26].

Separately we have measured XPS spectra for CoMP 
molecules deposited on a glass substrate, using a flood gun 
to prevent charging due to the insulation glass substrate, 
see figure 3(c). This spectrum was fitted with three pseudo-
Voight-profiled components: a peak centered at 285.9 eV and 
at 284 eV attributed to the porhyrin ring [27–30], a contrib
ution situated at 284.6 eV ascribed to the carbons, directly 
connected to the N-atoms; at 288.2 eV a shake-up contribution 
associated with the pyrrole carbons is visible [28].

After functionalization of QFeG with cobalt porphyrins 
there is almost no shift of the sp2 contribution and a shift 

of 0.2 eV to higher binding energies for the C-contribution 
of SiC; this latter shift is probably due to a reduced SiC 
screening capability of the graphene C-sp2 states caused by 
the strong hybridization with the localized Co-3d states close 
to the Fermi-level as is shown in bandstructure calculations in 
figure 6(b) which will be discussed later.

The N-1s peak is not very sensitive to the thickness of the 
CoMP layer without alkyl chains as is shown by Hermanns 
[31] and Bai [32]; they obtained 398.5 eV for the N-1s of 
the CoMP for thicknesses between 1 and 10 ml. Our value 
399.2 eV, see figure A4(b), is 0.7 eV higher compared to Bai 

Figure 2.  Structure of the CoMP molecule.

Figure 3.  XPS data of the C 1s core-level of (a) QFeG sample,  
(b) CoMP functionalized QFeG. (c) CoMP on glass.
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et  al for CoMP without alkyl chains on on Au (1 1 1), pos-
sibly as a result of the larger metallic screening of gold com-
pare to graphene. The Co-2p peak shifts from 780 eV (1 ml) to 
781.6 eV for 10 ml [17]. Our Co-2p contribution is 780.9 eV, 
0.9 eV higher than the value of Bai et al [32]. This could as is 
shown in figure A4(a) indicate that we have more than 1 ml of 
CoMP and/or a layer of CoMP with a large chemical shift due 
to a reduced charge screening effect of graphene compared to 
metallic Au(1 1 1), similar as the chemical shift of N-1s.

Hall experiments reveal charge doping effects due to gas 
adsorption on the graphene surface, determining the type and 
the amount of charge carriers in the graphene by the energy 
difference between the Fermi level and the Dirac point as is 
shown in equation (1). This simple expression is based on the 
linear dispersion of the density of states near the Dirac point, 
which is valid up to 1 eV [33] for QFeG; the charge carrier 
concentration is then given by:

N N E E
1

,e h
F

2 F D
2( )

( )
( )

π
=

ϑ
−

�
� (1)

where Ne (Nh) is the electron (hole) density, Fϑ  the Fermi 
velocity, EF is the Fermi level position and ED is the energy 
position of the Dirac point. The initial and final doping level 
of the sample before and after the porphyrin functionaliza-
tion procedure was determined by obtaining measurements of 
the major carrier concentration (n or p) mobility and the sheet 
resistance RS. Prior to the measurements, the CoMP func-
tionalized QFeG sensors were stabilized, i.e. the resistance 
signal is stable within a few percent under a 3 slm flow of 
pure N2 after 1 h before the NH3 gas was added to the N2 flow. 
Figures  4(a) and (b) show the functionalized QFeG sensor 
response due to NH3 adsorption. The response is given by the 
relative change in resistance (RS  −  RS0)/RS0 (%), where RS0 is 
the sheet resistance prior to exposure and induced carrier con-
centration is given by Ne(h)–Ne(h)0, where Ne(h)0 are the sheet 
carrier concentration prior to exposure of NH3.

The relative response and induced charge carrier concentra-
tion of both samples were measured using a sequence of 30 min 
NH3 exposure with concentrations of 100 ppb, 300 ppb, 500 ppb 
and 700 ppb respectively. Between each exposure the gas supply 

is stopped for 30 min, allowing the sample to recover under a 
pure N2 flow. The CoMP-QFeG sample shows an increase in 
the response (figure 4(b)) upon NH3 exposure, which after 
30 min results in a steady-state response of 0.5%, suggesting an 
equilibrium between the gas absorption and desorption. During 
the same time, the induced carrier concentration decreases to 
a value of 1.5  ×  1011 cm−2. In the absence of NH3, the sensor 
recovers from gas exposure by the desorption of NH3, which is 
governed by a reduction of the response. Each subsequent expo-
sure at increasingly higher NH3 concentration corresponds to an 
increased sensor response. The CoMP-QFeG sensor does not 
recover completely within the allowed recovery time. However, 
full recovery is possible without annealing given a sufficient 
recovery time as is shown in figure  A6 of the appendix. The 
recovery time can be speeded up by annealing under the N2 flow.

Figure 5 shows the performance difference in NH3 sensi-
tivity for clean QFeG and CoMP-QFeG. Clean QFeG samples 
show a negligible sensitivity to NH3 gas as was theoretically 
predicted by Wehling et al [24] and as has been shown exper
imentally by Iezhokin et al [8], also confirmed in figure A1. 
In contrast, the Co-MP functionalized QFeG gives a clearly 
observable sensitivity which can be explained by electronic 
structure calculations.

In order to understand the doping effect of the graphene 
layer in the presence of a Co-porphyrin layer, we conducted 
spin polarized calculations within the LSDA as implemented 
in the SIESTA computational code [34]. A (7  ×  7) graphene 
unit cell containing 98 carbon atoms was used. Sampling 
of the brillouin zone takes place by a (5  ×  5  ×  1) shifted 
Monkhorst–Pack grid [35], while a mesh cutoff energy of  
300 Ry has been imposed for real-space integration. The struc-
ture has been relaxed until forces were less than 0.05 eV Å−1.

The bandstructure for the porphyrin molecule positioned on 
graphene after relaxing the structure is indicated in figure 6, 
which is in agreement with STM experiments of CoMP on 
graphite (HOPG) [36] where their aromatic planes cofacially 
are arranged within the graphene plane. The alkyl groups are 
not taken into account in the calculation because they only 
facilitate self-assembly of the porphyrin-alkyl groups and the 
physisorption on graphene. It reveals the characteristic linear 

Figure 4.  Carrier concentration (a) and relative resistance changes (b) of CoMP-QFeG sensor exposed first to pure N2 and then to a 
sequence of 100 ppb (t  =  0 min), 300 ppb (t ~ 65 min), 500 ppb (t ~ 120 min), 700 ppb (t ~ 210 min) of NH3 gas.
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dispersion close to the K-point of graphene, changed by the 
hybridization with the filled Co-MP 3d-states at 0.2 eV below 
EF and a contribution at  ±1 eV. The Co-3d spin-states seems to 
be opposite to the expected spin direction; the Co-3d state at 
0.2 eV below EF is a spin-down state due to the hybridization 
with the N-states, which carries a spin-up magnetization and the 
Co-3d at 1 eV below EF is a spin-up state for the same reason. 
The hybridization of these spin-polarized states (red  =  spin-
up, blue  =  spin-down) does not change the Fermi-energy posi-
tion in respect to the Dirac point, indicating that there is no 
obvious n-or p doping effect due to the Co-porphyrin adsorp-
tion on graphene. This is in contrast to the p-doping effect as 
is obtained from the transport experiments in figure  4. The 
most probable reason for the absence of a Fermi-level shift is a 
charge transfer process due to a hybridization between the gra-
phene layer and the porphyrin molecule. Chilukuri et al [14] 
showed for CoMP without alkyl chains adsorption on graphite 
(HOPG), using the van der Waals-DF LDA functional in VASP, 
that 0.6 electrons are redistributed from the graphite substrate 
to the Co-MP molecule. A hybridization between the Co-3dz 
[2] and the C-pz states takes place near the Fermi-level after 
cobalt porphyrin functionalization. Due to the so called ‘push 
back’ effect [37] caused by Pauli repulsion, which is not taken 
into account in our electronic structure calculations, charge 
localization occurs mostly towards the porphyrin, thereby 

forming an interface dipole. This effect explains the work-
function reduction due to an interface dipole formation as was 
measured for graphite [34]. We expect that this phenomenon 
of electron donation from graphite will also occur for graphene 
due to a similar sp2 electron configuration.

The calculated electronic structure results for NH3 
adsorbed on the Co atom of the porphyrin molecule on gra-
phene in figure 7 clearly shows a n-doping of the graphene 
layer due to the N spin-up states of NH3 which are hybridized 
with the Co-3d spin-down states, forming a very localized 
spin-polarized state at the Fermi-level. As a results the Fermi-
level shifts ~0.2 eV, similar to the value determined from the 
experimentally found carrier concentration N of figure 5 and 
applying equation (1). The charge redistribution after the NH3 
adsorption causes now a rigid shift of the Fermi-level in the 
bandstructure calculation, similar as the simple model from 
equation (1) predicts. In figure 8 the density of states projected 
on the N- and H-atoms of NH3 clearly shows the main differ-
ence in the HOMO level position of NH3 for functionalized 
and non-functionalized graphene. The very localized HOMO 
level state, hybridized with the Co-3d spin-down states, at the 
Fermi-level in functionalized graphene pushes the Fermi-level 
position up with respect to the Dirac point, due to the strong 
hybridization also with the graphene states near the Fermi-
level, thereby explaining the n-doping of graphene.

Figure 5.  Sensitivity clean and functionalized CoMP quasi-free standing graphene sensor to NH3 exposure. Carrier concentration (a) and 
relative resistance (b) change of CoMP functionalized QFeG during exposure to 5 ppm NH3 gas.

Figure 6.  (a) Surface structure and (b) spin-polarized bandstructure of graphene with one Co-porhyrin molecule adsorbed;  
blue  =  spin-down and red  =  spin-up.

J. Phys.: Condens. Matter 29 (2017) 065001
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As we indicated in the morphology part, it is not clear from 
the AFM images if one or more Co-MP layers are deposited 
on graphene. Important is if the thickness plays an important 
role for the NH3 adsorption and what the possible effects 
on the electronic structure might be. The electronic struc-
ture for a two-layer stack of Co-MP molecules adsorbed on 
graphene is calculated and the results are shown in appendix 
figure  A2. The stacking of the Co-MP layers relaxes as is 
shown in appendix figure A2(a) with the two Co-atoms on 
top of each other, even if there is an initial lateral distance 
of 2 Å before relaxing the structure between the two por-
phyrin layers. A stacking of two porphyrin layers gives rise 
to a 0.2 eV upward shift of the Fermi-level, n-doping the 
graphene layer. The experimental Hall experiments show the 
opposite effect, a hole doping shift of 0.2 eV, indicating that 
it is not very likely that the graphene surface contains more 
than a single porphyrin layer. Also the adsorption of a NH3 
molecule on a two-layer stack of porphyrin molecules is not 
thermodynamically stable as obtained from our electronic 
structure calculations, which indicates that a two or more 
layer stack of porphyrins is not expected to be present on 
graphene in our experiments.

The increased sensitivity of CoMP-QFeG for NH3 is 
shown in figures  4 and 5 and can be explained by a rela-
tively simple model [8] which takes into account the position 

of the Fermi-energy: for QFeG, the electron doping pre-
sent in epitaxial graphene is cancelled by hydrogen inter-
calation (Nh0  =  2.6  ×  1012 cm−2; EF  −  ED  =  0.19 eV; 
µQFeG  =  1200 cm2 V−1 s−1; RS  =  1970 Ω), repositioning the 
Fermi-level closer to the Dirac point. As the density of states 
in graphene is linearly proportional to the energy (equa-
tion(1)), the sheet resistance, being inversely proportional to 
N, shows the largest variation with N when the Fermi level 
aligns with the Dirac point. Thus, in the case of the CoMP 
adsorption, the sp2 state dispersion at the K-point is slightly 
modified by the hybridization with the localized Co-3d 
states; however, this disturbance of the linear dispersion 
occurs below 0.2 eV binding energy below EF, whereas for 
NH3 adsorption on CoMP, the very localized NH3 HOMO/
Co-3d spin state at the Fermi-level strongly changes the 
charge distribution, causing the large change in the sheet 
resistance.

Finally, figure  9 shows a sensing evolution model for 
CoMP and subsequent NH3 adsorption on QFeG. After the 
deposition of the Co-porphyrins, the Dirac point of function-
alized CoMP-QFeG is almost 0.3 eV above the Fermi level 
(and hence the graphene is p-doped). Additional NH3 adsorp-
tion causes electron doping in QFeG as was discussed in the 
previous paragraphs. This results in an upwards shift of the 
Fermi-level and improves the sensitivity.

Figure 7.  (a) Surface structure and (b) spin-polarized bandstructure of graphene with one Co-porhyrin and one NH3 molecule adsorbed; 
blue  =  spin-down and red  =  spin-up.

Figure 8.  Projected density of states (PDOS) on nitrogen and hydrogen atoms. (a) For a single NH3 molecule adsorbed on QFeG. (b) For a 
NH3 molecule adsorbed on Co-porphyrin functionalized QFeG.

J. Phys.: Condens. Matter 29 (2017) 065001



I Iezhokin et al

7

Conclusions

We have measured the response of cobalt porphyrin function-
alized quasi free standing epitaxial graphene to NH3 by means 
of electrical response measurements. QFeG shows a negligible 
response to NH3 [8]. After functionalization the sensitivity of 
the QFEG to NH3 is strongly enhanced resulting in a limit of 
detection well below 100 ppb NH3 comparable to functional-
ized graphene systems, e.g. a 5% resistance increase is shown 
for 8 ppm NH3 exposure by Zanjani et al [38].

Electronic structure calculations explain the n-doping 
effect of quasi free standing graphene after NH3 chemisorp-
tion on the cobalt site of the porphyrin molecule by a small 
shift of the NH3 HOMO level towards the Fermi-level and 
thereby boosting the electron transfer from graphene to the 
CoMP molecule.
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Appendix  

A.1.  Methods

A.1.1.  Sensor fabrication.  Quasi-freestanding epitaxial gra-
phene (QFeG) samples are used as substrate material for gas 
sensing [8]. QFeG samples are grown by thermal decompo-
sition on the silicon (0 0 0 1) side of a 4  ×  4 mm2 insulating 
6H-SiC wafer piece from II to VI Inc. For the growth of eG 

we followed the procedure described by Emtsev et al [6]. The 
result is a decoupled layer of graphene supported by a buf-
fer layer, which consists of a carbon layer strongly bonded to 
the substrate. For the QFeG samples we used a similar proce-
dure as developed by Riedl et al [7].The result is a graphene 
layer which is decoupled from the hydrogen passivated SiC 
substrate. Subsequently, metal Au (50 nm)/Cr(2 nm) contacts 
were evaporated for all samples through metal mask and the 
sensors were wire bonded to a substrate with extended con-
tacts to perform Hall measurements.

A.2.  Synthesis of CoMP

Step 1: To 1 liter of dichloromethane, 1.01 g of freshly distilled 
pyrrole (15.0 mmol), 4.44 g of eicosanal (15.0 mmol) and 1 ml 
of trifluoroacetic acid (13.1 mmol) were added and the solu-
tion was stirred for 1.5 h at room temperature under an argon 
atmosphere. To the stirring solution 2.50 g of 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (11.0 mmol) was added and 
the mixture was stirred for 1 h under argon at room temper
ature. To the stirring solution, 1.5 ml of triethylamine (10.8 
mmol) was added and the solution was stirred for 30 min. 
The solvent was evaporated and the product was purified by 
silica column chromatography with chloroform as eluent to 
yield 12% of 5,10,15,20-meso-tetrakis-nonadecylporphyrin 
(0.45 mmol) as a brown solid. MALDI-TOF MS: m/z calcu-
lated for C96H166N4: 1375.35; found: 1376.2 (M  +  H)+. 1H-
NMR (CDCl3, 500 MHz): δ  =  9.47 (s, 8H, H1), 4.93 (t, 8H, 
3JHH  =  7.8 Hz, H2), 2.52 (qu, 8H, 3JHH  =  7.8 Hz, H3), 1.80 
(qu, 8H, 3JHH  =  7.8 Hz, H4), 1.25 (br, 120H, H5), 0.87 (t, 9H, 
3JHH  =  6.8 Hz, H6), −2.63 (s, 2H, H7). 13C NMR (CDCl3, 
125 MHz): δ  =  118.4 (meso-C), 38.8 (4  ×  CH2), 35.6 
(4  ×  CH2), 31.9 (4  ×  CH2), 30.7 (4  ×  CH2), 29.7 (4  ×  CH2), 
29.4 (4  ×  CH2), 22.7 (4  ×  CH2), 14.1 (4  ×  CH3). Elemental 
Analysis calculated for C96H166N4: C 83.77, H 12.16, N 4.07. 
Found: C 83.81, H 12.03, N 4.16.

Figure 9.  Schematic illustration of the sensing procedure for NH3 adsorption on QFeG and the corresponding resistance and carrier 
concentration effects.
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Step 2: To a stirring solution of 0.30 g 5,10,15,20-meso-
tetrakis-nonadecylporphyrin (0.22 mmol) in a 50 ml 4:1 
chloroform:methanol (v/v) mixture, 0.44 g cobalt(II) ace-
tate tetrahydrate (1.77 mmol) was added under an argon 
atmosphere. After refluxing for 16 h, the solvent was evapo-
rated and the product was purified by a (neutral) alumina 
column with chloroform as eluent to yield 98% of darkred 
5,10,15,20-meso-tetrakis-nonadecylporphyrinato cobalt(II) 
(CoMP). MALDI-TOF MS: m/z calculated for C96H164CoN4: 
1432.23; found: 1431.5. UV–vis (CHCl3): λmax 412, 540 nm. 
Elemental Analysis calculated for C96H164CoN4: C 80.45, H 
11.53, N 3.91. Found: C 81.20, H 12.22, N 3.38.

A.3.  Co-porphyrin layer formation

Prior to functionalization with Co-porphyrins, the sample 
was annealed under N2 gas flow at a temperature of 150 °C 
using the resistive heater implemented into the sample kit of 
the machine for 30 min. To avoid atmospheric doping after the 
annealing step, the graphene sample was immediately trans-
ferred to a n-heptane solution. The MP—layers were formed 
in two steps, first the graphene was cleaned by immersing the 

graphene sample for 8 h in a n-heptane solution and subse-
quently a 8  ×  10−6 M CoMP solution in n-heptane was drop-
casted on top of the substrate, followed by drying in a nitrogen 

Figure A1.  (a) Surface structure and (b) bandstructure of graphene for a single NH3 adsorbed on grapheme.

Figure A2.  (a) Surface structure and (b) bandstructure of graphene with a 2 Co-porphyrin molecule stack.

Figure A3.  bandstructure of graphene with a Co-porphyin molecule 
co-adsorbed with a H2O.
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flow. Layers were characterized by AFM technique. These 
measurements were performed with a Veeco Multi-Mode 
NanoScope, enclosed in a chamber with multiple layers of 
sound-damping materials for acoustic isolation. The measure-
ments were done in tapping mode using silicon tips purchased 
by Nanosensors (type PPP-NCHR-20).

X-ray photoelectron spectra (XPS) where performed by 
K-Alpha XPS system (Thermo scientific) with flood source 
for charge compensation. This allows for the study of poly-
mers without the need to make any adjustment to the charge 
compensation conditions. XPS uses Al K-alpha photons 
which have an energy of 1486.7 eV. The XPS peak intensities 

were obtained after Shirley background removal and no rel-
evant charging effect was observed. Freshly prepared sam-
ples were quickly (to avoid atmospheric doping) transferred 
into the XPS chamber. The base pressure of the chamber 
was maintained at approximately 5  ×  10−10 mbar during the 
experiments.

A.4.  Gas- sensing set-up

Functionalized epitaxial and quasi-freestanding graphene 
samples were measured in a gas flow Hall effect measure-
ment system, as is schematically shown in figure A5, (Ecopia 

Figure A5.  (a) Sketch of the used setup. A Van-der-Pauw configuration is used to measure sample resistance and Hall voltage. 
The graphene sample is wire bonded to a non-magnetic substrate providing large contact pads with For the measurement of 
the Hall voltage, the orientation of the magnetic field is changed by the use of two movable permanent magnets with opposite 
polarization. (b) Sketch of a 4-point Hall voltage measurement in the Van-der-Pauw configuration. The Hall voltage is derived using 
V−H  =  (V13  +  V24  +  V31  +  V42)/8, with Vij  =  Vij,P  −  Vij,N, where P and N denote the different polarizations of the magnetic field.

Figure A4.  (a) XPS Co 2p core-level of CoMP functionalized QFeG. (b) XPS N-1s core level of CoMP functionalized QFeG. (c) XPS 
wide energy scan of QFeG. (d) XPS wide energy of CoMP functionalized QFeG.
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HMS-5500/AHT55T5, 0.546 Tesla), supplied with a constant 
3 slm gas flow at atmospheric pressure and room temperature 
(25 C). Nitrogen (99.9995%, 5.5 N purity) was used as a car-
rier gas and NO2 was supplied from a certified permeation 
tube (KIN-TEK) and diluted using a gas calibration system 
(MCZ CGM2000). NH3 was supplied from a gas cylinder 
(Praixair 99.9995%, 5.5 N purity) connected to the gas cali-
bration system. For the sensing experiments with humidity, 
the carrier gas was humidified by a controlled evaporation 
module (CEM, Bronkhorst) and added 1:1 to the diluted 
gas flow. With the CEM-system a defined amount of liquid 
provided by a pressurized water reservoir is vapourized and 
mixed with the carrier gas flow. The resistance and major car-
rier concentration of the device were measured using a four 
probe Van der Pauw configuration as is shown in figure  5. 
A constant current of 0.1 mA was applied to the sensor and 
the relative resistance change and major carrier concentration 
were recorded during gas exposure (signal to noise ratio at 
base line is ΔR/R  =  10−4). Prior to the Hall measurements, 
the sample was annealed in the measurement system during 
30 min at a temperature of 150 C under 3 slm pure N2 flow.

A.5.  DFT calculations for a Co porphyrin molecule adsorbed 
on graphene without taking the alkyl chains into account

We conducted spin polarized calculations within the LSDA 
taking into account electron correlations where an extra 
Hubbard-U term is introduced following the standard Duradev 
implementation for an on-site Coulomb interaction between 
localized orbitals, parameterized by Ueff  =  U  −  J, where U and 
J are the Coulomb and the exchange parameters as implemented 
in the SIESTA computational code [14]. A double-ζ basis set 
of localized atomic orbitals was used for the valence electrons. 
Sampling of the Brilouin zone takes place by a (5  ×  5  ×  3) 
shifted Monkhorst–Pack grid [19], while a mesh cutoff energy 
of 200 Ry has been imposed for real-space integration. The struc-
ture has been relaxed until forces were less than 0.05 eV Å−1.

A.6.  Electronic calculations H2O and porphyrin adsorption  
on quasi free standing graphene

The role of water in combination with porphyrin is investi-
gated by an electronic structure calculation with both H2O and 

Figure A6.  Carrier concentration (a) and relative resistance changes (b) of CoMP-QFeG sensor exposed first to pure N2 and then to a 
sequence of 100 ppb (t  =  0 min), 300 ppb (t ~ 65 min), 500 ppb (t ~ 120 min), 700 ppb (t ~ 210 min) of NH3 gas. Carrier concentration (c) 
and relative resistance(normalized to the resistance value at t  =  0 min) (d) changes of CoMP-QFeG sensor exposed first to pure N2 and then 
to a sequence (t  =  0 min) of 1 ppm, 3 ppm, 5 ppm, 7 ppm of NH3 gas. Extrapolated recovery data (red curves in the graph) at figures shows 
that sensor can be completely recovered aproximately after overnight N2 purge (All recovery curves tend to the same value after long N2 
exposure).
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the Co-porphyrin molecule situated on graphene as shown in 
figure A3 of the appendix. The only difference is a 0.1 eV shift 
of the Co-3d state at 0.2 eV.
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