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  1.     Introduction 

 Porous carbon materials have been used 
as components in hydrogen storage cells, 
catalytic materials, fi lters, biosensors, 
capacitors and batteries. [ 1–7 ]  It has been 
demonstrated that it is possible to modify 
the electronic, mechanical and chemical 
properties of carbon materials (CM) via 
doping: For example the introdution of 
foreign atoms within the carbon network. 
The most common elements able to dope 
CM are nitrogen and boron because of 
their similarities in size. Among various 
methods for doping porous carbon mate-
rials (PCM), we could mention: 1) reac-
tions of porous carbon with gaseous 
sources containing nitrogen, [ 8 ]  2) co-
carbonization of precursors containing 
carbon and nitrogen; [ 9 ]  and 3) carboniza-
tion of materials containing nitrogen. [ 10 ]  
Other forms of CM include inverse opals, 
which consist of porous carbons obtained 
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to be smooth and replicated the voids of the opal. We found 
that only for the 300 nm silica particles the pores appeared well 
ordered over large volumes, and exhibited an FCC arrangement 
caused by the original opal structure used to impregnate with 
carbon.  

 TEM images of the CIO reveal the arrays of the pores 
( Figure    2  ), and it is noteworthy that those obtained with 
the 300 nm silica particles exhibit an almost perfect order 
(Figure  2 a,d). TEM images also indicate that CIO with smaller 
pore sizes are disordered (Figure  2 a,c). It is also observed that 
inverse opals produced in the presence of nitrogen (CIO300-N3) 

as a result of removing periodic arrays of silica spheres (opal) 
from carbon impregnated opals. The fi rst synthesis of inverse 
opals, using silica particles as templates, was reported by Zakh-
idov et al.  in 1998. [ 11 ]  Other authors have used different types of 
carbon sources to impregnate the silica sphere array: sucrose, 
polyacrylnitrile, propylene, and others. [ 12–14 ]  Depending on the 
chemical and structural nature of the carbon source used to 
impregnate opals, different types of pyrolized carbons could 
result after thermolysis. [ 15 ]  For example, sucrose when heated 
up to 1000 °C generates a non-graphitizable carbon that does 
not transform into well ordered graphitic layers; the resulting 
structure mainly consists of tightly curled single carbon layers 
exhibiting Fullerene-like and Schwarzite-like structures. [ 16,17 ]  

 Porous photonic crystals are those materials exhibiting 
an ordered array of pores that interfere with photons, thus 
allowing certain wavelengths to propagate (or not) within the 
structure. It is possible to tune the optical properties of porous 
photonic crystals by swelling a polymeric inverse opal upon 
pH and ionic strength. Due to the change in volume, the dif-
fraction wavelength also gets shifted. [ 18 ]  Another way to tune 
the optical properties consists of introducing liquid crystals in 
the presence of an electric fi eld. [ 19 ]  In addition, there are many 
other methods that have been reviewed by Aguirre et al. [ 20 ]  For 
carbon inverse opals, it was possible to alter the optical proper-
ties by doping with potassium. [ 21 ]  

 Introduction of nitrogen atoms within carbon materials 
could modify their optical properties by shifting its optical band 
gap. [ 22 ]  For example, it has been observed that the insertion of 
nitrogen in amorphous carbon fi lms could increase both the 
dielectric function and the refractive index. [ 23 ]  However, there 
are examples in which the refractive index decreases with the 
introduction of nitrogen atoms. [ 24 ]  Since nitrogen atom has 
one electron more when compared to carbon, nitrogen-doped 
carbon materials are expected to enhance signifi cantly their 
chemical reactivity and also their electrical conductivity is 
increased due to the availability of additional electrons within 
the system. [ 25–29 ]  Other advantages of nitrogen-doped carbon 
systems is the fact that they could be more biocompatible than 
their undoped counterparts and may be used as sensors or 
bio-markers. [ 30–33 ]  In this work, the effect of nitrogen doping 
in carbon inverse opals was studied. The atomic structure, 
thermal stability, chemical composition, optical and electrical 
properties are described in detail. We believe that these novel 
materials could be used for the fabrication of optoelectronic 
devices, sensors, adsorption fi lters, batteries, capacitors, etc.   

 2.     Results and Discussion 

 SEM images of carbon inverse opal (CIO) doped with different 
nitrogen content and using 10, 100 and 300 nm silica particles 
show the pore arrays after the removal of the silica nanospheres 
from the opals (see  Figure    1  ). It seems that the introduction of 
nitrogen does not inhibit the formation of uniform carbon walls 
within the inverse opals. For all inverted opals, pore sizes and 
distributions were obtained from SEM images by performing 
100 independent measurements. The overall average of pore 
size was 9 ± 1 nm, 112 ± 1 nm, and 292 ± 6 nm, for CIO10, 
CIO100, and CIO300 samples. The walls of the pores appeared 

   Figure 1.    Scanning electron microscopy (SEM) images of carbon inverse 
opals using a) 10, b) 100, and c) 300 nm silica nanoparticle. Samples at 
different N content do not show any morphological changes. 
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dopants within the CIO samples. The intensity values for  I  D / I  G  
are plotted in Figure  3 b for CIO10, CIO100, and CO300. We 
observe that CIO samples prepared with 10 and 100 nm silica 
particles exhibit similar tendency:  I  D / I  G  becomes smaller as 
the pyrazine/sucrose ratio increases, thus indicating a rela-
tive enhancement in the degree of crystallinity of the materials 
(Figure  3 b). This suggests that pyrazine might be considered 
a crystallizing agent (e.g., more graphite-like structures) due 
to its aromatic structure. [ 15 ]  However, when using 300 nm-size 
silica nanoparticles and high concentrations of pyrazine in 

exhibit a periodic array of pores (Figure  2 i–k) containing curled 
graphene-like layers (Figure  2 k). Similar curled structures have 
been observed by Harris et al. [ 16 ]  These authors concluded 
that the curled structures consist of fragments of different 
Schwarzites. [ 34 ]   

  Figure    3  a shows the Raman spectra of CIO300 samples 
(undoped and N-doped with different pyrazine concentrations). 
The presence of an intense D-band at ≈1340 cm −1  indicates 
that the perfect hexagonal symmetry of sp 2  hybridized carbon 
is being broken by the introduction of defects, curvature and 

   Figure 2.    Transmission electron microscopy (TEM) images of carbon inverse opal a–c) 10, d–f)100, and g–i) 300 nm pore size. TEM images of i–k) 
carbon inverse opal doped with the highest content of nitrogen (N3). Left: low magnifi cation TEM images show porous structure. Right: high magni-
fi cation TEM images showing the structure of the carbon walls. 
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interlayer spacing reaches a minimum at 
higher nitrogen concentrations (N3): varying 
from the undoped to the nitrogen doped 
samples from 3.99–3.43 Å and 3.70–3.49 Å, 
respectively. Therefore, pyrazine aids the for-
mation of stacked graphite-like layers in our 
experiments.  

 When considering the classifi cation of 
pyrolized carbon sources made by R. E. 
Franklin, a non-graphitizable carbon source 
contains both a small amount of hydrogen 
and a higher amount of oxygen in its molec-
ular composition. [ 15 ]  For the graphitizable 
carbon source, a high content of hydrogen 
and a small amount or null amount of 
oxygen takes place. In this context, sucrose 
is non-graphitizable and pyrazine (an aro-
matic molecule) is graphitizable. It is pos-
sible that due to the aromatic structure of 
pyrazine, CIO10 and CIO100 samples could 
be incorporating a higher concentration of 
pyrazine that results in more graphite-like 
material with a high degree of crystallinity 
(see Raman spectroscopy data). For CIO300, 
as the pyridine-type nitrogen increases, the 
corrugation of the layers augments and the 
degree of crystallinity decreases. [ 28 ]  

 X-ray photoelectron spectroscopy (XPS) 
was used to determine the chemical sur-
face composition of the CIO300-NY mate-
rials, and also provided relevant information 
regarding the binding energies of carbon 
and nitrogen within the synthesized mate-
rials (see  Figure    5  ). The carbon C 1s region 
for all samples reveal the presence of sp 2  

and sp 3  binding energies (284.3 and 285.2 eV, respectively). 
For the C 1s signal, all the samples exhibited peaks assigned 
to C–O (286 eV), C=O (286.7), and O–C=O (287.5 eV). [ 40–43 ]  

the solution, the degree of crystallization of the N-doped CIO 
is reduced (Figure  3 b). Furthermore, when the position of the 
D- and G- bands were analyzed, we found a clear upshift for 
the D peak when increasing the amount of pyrazine used for 
synthesis from ≈1344 cm −1  to ≈1358 cm −1  (see  Table   1 ). This 
effect could be caused by the nitrogen doping and variations in 
the degree of crystallinity. [ 35,36 ]  In addition, the G-band exhibits 
a downshift that can be associated to the introduction of struc-
tural defects, which in this case includes nitrogen doping 
(Table  1 ). [ 37 ]     

 Powder X-ray diffraction of all the samples showed refl ec-
tions around 2θ = 26 and 44 degrees, corresponding to the 
(002) and (100) planes of graphite ( Figure    4  a,b), respectively. 
Similar patterns have been observed by Buiel et al., [ 38 ]  and 
the (002) peaks indicate the presence of several stacked gra-
phene sheets within the CIO. We observed that smaller silica 
particles used in the synthesis of CIO resulted in larger inter-
planar distances. [ 39 ]  For CIO300-NY, the graphitic order (e.g. 
number of stacked layers) decreases when the pyrazine con-
tent is increased until sample CIO300-N2, possibly due to the 
presence of nitrogen atoms that are responsible of breaking 
the hexagonal symmetry order of sp 2  hybridized carbon. Here, 
the minimum interlayer spacing varies from 3.58 Å to 3.46 Å. 
However for CIO10-NY and CIO100-NY, we noted that the 

  Table 1.    Position of peaks (cm −1 ) in the Raman spectra measured for 
the samples synthesized with conditions CIOX, CIOX-N1, CIOX-N2, and 
CIOX-N3, the letter “X” corresponds to the particle size used (10, 100, 
and 300 nm). Notice that the D peak upshifts with increasing pyrazine 
content.  

D CIOX CIOX-N1 CIOX-N2 CIOX-N3

10 nm 1346 1344 1350 1353

100 nm 1342 1352 1358 1349

300 nm 1351 1355 1356 1358

G

10 nm 1600 1594 1598 1590

100 nm 1583 1589 1590 1590

300 nm 1592 1586 1596 1585

 I  D / I  G 

10 nm 0.973 0.931 0.917 0.876

100 nm 0.897 0.870 0.869 0.875

300 nm 0.869 0.855 0.878 0.908

   Figure 4.    a) X-ray powder diffraction patterns of carbon inverse opals made with 300 nm size 
particles at different concentrations of pyrazine. With 10 and 100 nm particles the shapes of 
the diffration patterns are similar. b) Interplanar distance of plane (002) of carbon inverse opals 
with different particle size and concentration of pyrazine. 

    Figure 3.    a) Raman spectroscopy of carbon inverse opal doped with Nitrogen at different con-
centrations of pyrazine using 300 nm. With 10 and 100 nm particles the shapes of the spectra 
are similar. b) Tendency of  I  D / I  G  ratio of carbon inverse opals doped with different concentra-
tions of nitrogen and silica nanoparticle sizes (10, 100, and 300 nm). 
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undoped and doped CIO synthesized using different  amounts 
of pyrazine ( Figure    6  a). The highest surface area was obtained 
for pore sizes of 10 nm CIO10-N1 with a value of 1540 m 2  g −1 . 
For CIO10-NY and CIO100-NY samples, we found that the sur-
face area tends to decrease when the concentration of pyrazine 
is increased; these results agree with the fi ndings reported by 
other research groups. [ 9,45–47 ]  However, for CIO300-N3 the sur-
face area increases from 94 to 163 m 2  g −1  ( Table   3 ). Therefore, 
and due to the large surface areas found, we believe that these 
CIO materials could serve as effi cient gas sensor materials with 
novel catalytic activities. In addition, the presence of nitrogen 
in the CIO could make the materials more reactive.   

 From the thermogravimetric analysis (TGA) analysis in 
air, we observed the loss of the majority of the material. We 
believe that the residual non-burned material (5% by wt. to 
10% by wt.) at the end of the TGA may come from the undis-
olved SiO 2  during the etching process (see crystalline domains 
in Figure  2 h). It is clear that for samples exhibiting 10 and 
300 nm pore sizes, the decompostion temperature increases 
when increasing the pyrazine content (Figure  6  b). However, 
CIO samples with 100 nm pore always tend to decrease the 
decomposition temperature when increasing the pyrazine 
content. 

The nitrogen N 1s region indicates the presence of pyrrolic 
(or N atoms bonded to two carbon atoms contributing to the 
π–system with two p-electrons) located at binding energies of 
401.5 eV, pyridinc nitrogen (or N atoms bonded to two carbon 
atoms atoms contributing to the π–system with one p-elec-
trons) located at energies of 399.5 eV and quaternary nitrogen 
at 402.6 eV (or N atoms bonded to three carbon atoms in a 
substitutional manner). [ 41,43,44 ]  The atomic concentrations 
obtained from the XPS analysis indicate that samples contain 
1.05 at%, 2.43 at%, and 5.48 at% of nitrogen for CIO300-N1, 
CIO300-N2, and CIO300-N3, respectively (see  Table   2 ).   

 We also performed surface area analysis by nitrogen absorp-
tion with Brunauer–Emmett–Teller (BET) theory of all the 

   Figure 5.    High resolution X-ray photoelectron spectra of carbon inverse opal (upper spectra) and nitrogen doped carbon inverse opal of a) C 1s and 
b) N 1s. It is clear that the undoped carbon inverse opal does not contain nitrogen. 

  Table 2.    Elemental analysis obtained from XPS measurements for 
undoped and nitrogen doped carbon inverse opals made with 300 nm 
particles.  

at% CIO300 CIO300-N1 CIO300-N2 CIO300-N3

C 96.19 93.75 93.97 89.34

N 0.00 1.04 2.43 5.48

O 3.89 5.21 3.6 5.18

Adv. Funct. Mater. 2014, 24, 2612–2619
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as a semiconductor ( Figure    8  a) with an 
increase in the electrical conductivity by 
one order of magnitude from 2 S cm −1  
(0.30   Ω   cm) in CIO300 to 30 S cm −1  (0.02 
 Ω  cm) in CIO300-N2. We applied the vari-
able range hopping (VRH) theory to our 
data in order to understand better the elec-
trical transport mechanism (Figure  8 b). [ 48 ]  
The data was plotted as Ln( σ ( T )/ σ (300)) 
versus T −1/2 , T −1/3 , or T −1/3  for Coulomb 
gap, 2-dimensional and 3-dimensional 
VRH, respectively (Figure SI-1, Supporting 
Information). A linear fi t was applied for 
each plot and their corresponding coef-
fi cient of determination ( R  2 ) was obtained 
(Table SI-1, Supporting Information). From 

the  R  2  values we could determine that all the samples had 
a better fi tting for 3-dimensional VRH (3D-VRH) for tem-
peratures below 100 K, as observed for carbon networks by 
Govor et al. [ 49 ]  This 3D-VRH indicated that the electrons 
are moving throughout the entire 3-dimensional structure 
of the CIOs. For all samples studied, the electrical conduc-
tivities and optical properties vary similarly (see Figure  8 ). 
For example, when the electrical conductivity is increased by 
one order of magnitude from 2 in CIO300 to 30 S cm −1  in 
CIO300-N2 (at room temperature) the refl ection color varies 
from red to blue, and then CIO300-N3 has an decrease in 
conductivity and an optical shift to green. The changes of the 
dielectric constant and electrical properties upon nitrogen 
doping in amorphous carbon has been reported by Yu et al., 
and attributed to changes in the carbon hybridization caused 
by the nitrogen doping. [ 23 ]  The variations among the optical 
properties and electrical resistivity suggest that the optical 
and electrical properties are effectively modifi ed by the intro-
duction of nitrogen species within the CIO materials.  

 From the characterization data, it also appears that the silica 
particle size and the content of pyrazine signifi cantly altered 
the chemical and physical properties of the CIO samples. 

 UV-Vis refl ection spectra were recorded for the different 
synthesized opals, doped and undoped obtained with the 
300 nm silica particles ( Figure    7  a). Under a bright white light it 
is possible to observe the colors revealed by the UV-VIS spectra 
(Figure  7 b–f). The pure opal shows a red refl ected color 
(625 nm) that is also observed for the undoped carbon inverse 
opal (CIO300) at wavelengths of 609 nm. Interestingly, when 
we introduced pyrazine up to a 50% (CIO300-N2) the refl ection 
shifts down to the blue region of the spectrum (466 nm); and for 
33% of pyrazine (CIO300-N1), a peak appears at 568 nm. In addi-
tion, CIO300 and CIO300-N1 samples displayed secondary peaks 
located at 493 and 483 nm, respectively. Using 75% of pyrazine 
(CIO300-N3), the refl ection peak downshifts to a green color 
(528 nm). From these results, it was confi rmed that different 
concentrations of nitrogen within CIO could tune the optical 
properties signifi cantly, similar to the reported CIO doped with 
K. [ 21 ]   

 Furthermore, after conducting four probe electrical 
measurements, we observed that all the samples behave 

  Table 3.    Measured surface area of CIO with different pore size at dis-
tinct pyrazine content for synthesis. These values were obtained with the 
Brunauer–Emmett–Teller (BET) theory.  

 [m 2  g −1 ]

CIO10 1374

CIO10-N1 1539

CIO10-N2 923

CIO10-N3 839

CIO100 691

CIO100-N1 405

CIO100-N2 309

CIO100-N3 320

CIO300 94

CIO300-N1 130

CIO300-N2 117

CIO300-N3 163

   Figure 7.    a) UV-VIS refl ection spectra of carbon inverse opal with 300 nm 
particle at different pyrazine concentrations. b–f) Photograph of carbon 
inverse opal from CIO300-N3 to CIO300-N1, CIO and opal, respectively. 

    Figure 6.    a) Surface area obtained by nitrogen absorption using BET and b) decomposition 
temperature for carbon inverse opal with 10, 100 and 300 nm pore size at different amounts 
of pyrazine used for synthesis. 
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of all samples show changes in the oxida-
tion resistance of the carbon surface due to 
nitrogen bonded with carbon (e.g., in a sub-
stituional and pyridinic confi guration). 

 The optical properties of the materials 
were studied by UV-Vis spectroscopy, and 
the introduction of nitrogen within the CIO 
clearly varied the position of peaks, by low-
ering the wavelength depending on the con-
tent of pyrazine used in the CIO synthesis. 
The conductivity measurements exhibited 
an increase in the conductivity by one order 
of magnitude from 2 to 30 S cm −1  (at room 
temperature) when the pyrazine content was 
increased to 12.50% by wt. 

 This work demonstrates that it is indeed 
possible to control the chemical composition 

of the CIO by doping with nitrogen. Therefore, one could tune 
their optical and electrical properties. We believe this material 
may fi nd appllications as optoelectronic materials, sensors, 
fi eld emitters, biomaterials, 3-dimensional scaffolds and others.   

 4.     Experimental Section 
 Opals with 300 nm particles (101 surface plane), 100 and 
Ludox-SM30 (disordered opal with ≈10 nm particles) were held in 
a solution of sucrose (C 12 H 22 O 11 ), pyrazine (C 4 H 4 N 2 ) the source 
of nitrogen for doping, sulphuric acid (H 2 SO 4 ) and destilled water 
(according to  Table   4 ) at 80 °C during 6.5 h. Sucrose and sulphuric 
acid react thus leaving carbon and hydrated sulphuric acid in the 
medium. After the evaporation of water, the samples were held at 
1000 °C during one hour in Ar atmosphere, this was followed by 
an HF (30% in water) treatment during one day so as to remove 
the silica nanoparticles. In this study, our samples were labeled as 
follows: CIOX-NY, in which CIO corresponds to carbon inverse opal, 
X is the size of the particle used in the synthesis with possible values 
of 300, 100, or 10 nm, and Y the pyrazine content (1 = 8.33% by wt., 
2 = 12.50% by wt. and 3 = 16.67% by wt.) For example, CIO300-N2 
would correspond to 300 nm silica particle size and pyrazine content 
of 12.50% by wt. 

 These samples were analyzed by scanning electron microscopy 
(SEM) (Zeiss-LEO Model 1530, Zeiss Supra 40 and XL 30 SFEG FEI 
operated between 10–20 kV), X-ray diffraction (XRD) (Difractometer 
D8 Advanced Bruker), Raman spectroscopy (Renishaw inVia Raman 
microscope, Ar laser 514.5 nm and Jobin Yvon LabRam HR Micro-
Raman), UV-VIS spectroscopy (Perkin Elmer Lambda 900 UV-Vis/
NIR Spectrophotometer) and resistivity measurements (between 2 K 
and 300 K) using a PPMS Quantum Design Device with a four probe 
confi guration. Surface chemical analysis was performed by X-ray 
photoelectron spectroscopy (XPS) using an Axis-Ultra, Kratos, UK 
apparatus. The analysis of the XPS spectra was carried out using Casa 
XPS ver. 2.3.16 software.  
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Overall, the CIO300 series exhibits the highest degree of 
crystallinity and the CIO10 series exhibits the lowest values, 
as observed by Raman spectroscopy and XRD data. The 
introduction of pyrazine varies the CIO properties distinctly 
according to the used silica particle size. For CIO100-NY 
and CIO10-NY the degree of crystallinity is enhanced, with 
a more signifi cant effect when dealing with CIO10-NY sam-
ples. Here, it is possible that the introduction of nitrogen 
atoms from the thermolysis of pyrazine may favor the forma-
tion of well ordered stacked graphite-like layers as opposed 
to sucrose which provides more amorphous-like materials. [ 15 ]  
The small particle size may constrict the carbonization, aiding 
the formation of graphitic domains as observed in the fabri-
cation of graphite fi lms with polymers using a hot pressing 
furnace. [ 50 ]  However, for CIO300 the graphitic stacking is not 
greatly affected and the content of defects is increased due to 
nitrogen doping.   

 3.     Conclusion 

 The doping of CIO with nitrogen was studied systematically 
using different silica nanoparticle sizes and by varying the 
concentration of the nitrogen-carbon source when impreg-
nating the silica. First of all, smaller size particles results in a 
less crystalline carbon material, and the (002) interplanar dis-
tance increases. However, with the introduction of pyrazine, 
the degree of crystallinity and the graphite-like stacking are 
improved. The use of a non-graphitizable and a graphitizable 
carbon sources together might be a route to control the chem-
ical and physical properties of CIO. The chemical composition 

  Table 4.    Carbon and nitrogen source solution concentrations, quantities 
are in% by wt., the letter “X” corresponds to the particle size used (X = 
300, 100, and 10 nm).  

 CIOX CIOX-N1 CIOX-N2 CIOX-N3

Sucrose 25.00 16.67 12.50 8.33

Pyrazine 0.00 8.33 12.50 16.67

Sulphuric acid 2.58 4.17 6.25 8.33

Water 72.42 70.83 68.75 66.67

    Figure 8.    a) Conductivity vs temperature of nitrogen doped carbon inverse opal (made with 
300 nm silica particles) at different contents of pyrazine, all samples present a semiconductor 
behavior. Marked reduction of resistivity is observed from 2 to 30 S/cm from CIO300 to 
CIO300-N2. b) 3-dimensional variable range hopping fi tting for the before mentioned samples. 
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