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Abstract 

Herein we report a facile and scalable synthesis of highly nitrogen-doped porous carbon 
materials with tunable morphology. Bio-based imidazolium derivatives made from natural amino 
acids and dioxo-derivatives are employed as precursors, exhibiting an analogous behavior during 
carbonization to classical ionic liquids. Utilization of systematically controlled salt templating 
methods yields nitrogen-doped carbon materials with high surface areas of up to 2650 m2 g−1 
and morphology-engineered structures such as monolithic or highly extended, sheet-like 
carbons. We believe that the presented approach represents an alternative and sustainable 
platform towards the rational design of carbon materials possessing controlled nanoporosity and 
functionality.  
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Herein we report a facile and scalable synthesis of highly nitrogen-doped porous carbon 

materials with tunable morphology. Bio-based imidazolium derivatives made from natural 

amino acids and dioxo-derivatives are employed as precursors, exhibiting an analogous 

behavior during carbonization to classical ionic liquids. Utilization of systematically 

controlled salt templating methods yields nitrogen-doped carbon materials with high surface 

areas of up to 2650 m
2
 g

-1
 and morphology-engineered structures such as monolithic or 

highly extended, sheet-like carbons. We believe that the presented approach represents an 

alternative and sustainable platform towards the rational design of carbon materials 

possessing controlled nanoporosity and functionality. 

 

Recent experiments reveal more and more “designer carbons”, i.e. functional carbon 

materials which possess highly favorable, diverse and especially tunable properties.
[1, 2, 3]

 

Such carbons can be found in many applications and devices such as electrode materials for 

energy storage and conversion, as filters with adjustable adsorption properties and 

selectivity, and for thermal isolation and electricity generation.
[4, 5, 6]

 With regard to 

applications in every-day-life, it is equally important to satisfy criteria of broad and scalable 

availability while costs and environmental impacts are to be kept at a minimum.  
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Recently, ionic liquids have been discovered as promising new class of carbon precursors as 

they possess several advantageous properties: the liquid state enables facile shaping and 

processing, heteroatoms can be introduced by the choice of ionic liquid type, and vapor 

pressure is negligible eventually making special synthesis equipment obsolete.
[7, 8]

 

Additionally, due to their liquid character, they can be easily mixed or infiltrated with 

additional substances. However, mostly because of the challenging synthetic and purification 

processes, common ionic liquids are still rather expensive. Therefore, the need for reduced 

costs for carbon materialization of ionic liquids has been established as one of the main 

challenges in this field.
[9]

 Besides existing works on protic ionic liquids
[10]

 with regard to price 

and improved sustainability, we recently presented the convenient synthesis of bifunctional 

imidazolium compounds using natural amino acids as green starting materials.
[11]

 The 

synthesis of such imidazoliums can be entirely performed according to the rules of green 

chemistry at reduced costs, while control over the specific N-substitution of the imidazole 

moiety can be achieved by selection of different amino acids.  

In the present paper these “bio-imidazoliums” (bio-Im) are applied for the synthesis of  

functional heteroatom-doped carbons. These precursors can be designed and mixed in an 

individual fashion so that special functional groups can tune the final carbon properties, such 

as nitrogen content and patterning of functionality. High surface areas of 2658 m
2
 g

-1
 could 

be achieved via the salt templating approach, without any consecutive activation. The choice 

of salt also allowed the synthesis of sheet-like, two-dimensional carbon nanostructures. In 

addition, the combination of bio-Im and salt leads to a fourfold increase of yield with respect 

to carbonization of the pure compound. We believe that this approach is highly attractive for 

applications where high amounts of functional carbons with controlled pore structure and 

functionality are needed. 

The synthesis of functional carbons from bio-imidazoliums (bio-Im) is representatively 

delineated by using two different imidazoliums, constructed from two different amino acids 

(glycine and phenylalanine), yet bearing the same basic structure to enable direct 

comparison of materials (Figure 1 a, b). Both possess a central imidazolium core with two 

carboxylic acid substituents, however, bio-Im 2 contains two additional phenyl-groups. 

Recently, we showed that the hydrothermal treatment of amino acid-derived imidazoliums 

leads to the formation of “classical” ionic liquids (IL) via decarboxylation at the α-amino acid 



 

 
  

 

M
ax

 P
la

nc
k 

In
st

itu
te

 o
f C

ol
lo

id
s a

nd
 In

te
rfa

ce
s ·

 A
ut

ho
r M

an
us

cr
ip

t 

  

carbons contained in the bio-Im.[12] In a similar way, we surmised that during the high 

temperature treatment the bio-Im may undergo a similar decarboxylative process leading to 

a bio-derived IL as transient species. Therefore, Bio-Ims can be considered as a source of 

“masked-IL”. 

 

Figure 1 Chemical structures of bio-Ims used as carbon precursors a) bio-Im 1, b) bio-Im 2. c) 

bulk nitrogen-doped carbon B1S0-1000 obtained after high temperature condensation. 

Directly after the high temperature treatment under inert conditions, silvery, shiny and hard 

solids are obtained (Figure 1 c). This already shows the different behavior of this 

precursor/carbon system as ordinary carbon would be matt black. A closer look to the actual 

chemical composition of these materials reveals one of the main reasons for this metallic 

reflectance which is the high nitrogen content (Table 1). 
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Table 1 Surface areas, yield and chemical composition derived from combustion elemental 

analysis of the carbons BxSy-Z (B: bio-imidazolium, x: type of bio-imidazolium 1 or 2, S: salt, 

y: type of salt and Z: synthesis temperature). 

Name 
BET SSA 

(m2/g) 
Yield (%) N (wt%) H (wt%) C (wt%) C/N 

B1S1-500 290 76 15.85 3.077 48.24 3.0432 

B1S2-500 388 89 15.95 3.147 48.37 3.0332 

B1S3-500 132 92 17.05 3.484 49.27 2.8903 

B2S1-500 866 33 8.55 2.754 68.59 8.0247 

B2S2-500 388 36 9.26 3.021 66.83 7.2197 

B2S3-500 132 32 9.98 3.122 59.92 6.0056 

B1S0-800 0 15 11.65 1.587 75.26 6.4985 

B1S1-800 983 43 11.77 2.307 64.45 5.4758 

B1S2-800 1540 49 11.09 2.264 63.01 5.6823 

B1S3-800 1916 49 11.20 2.406 61.11 5.4558 

B1S4-800 884 13 8.97 3.245 73.80 8.2266 

B1S0-1000 0 10 6.3 1.0 90.1 14.4 

B1S3-1000 1596 40 4.4 2.1 73.1 16.4 

 

With respect to the successful incorporation of high amounts of nitrogen into the carbon 

lattice, the used amino acids influence the overall heteroatom-content. With the glycine 

residue being present as the N-substituent on the imidazolium (B1), the nitrogen content in 

the final carbon is in average twice as high as in the case of the phenylalanine (B2, Table 1). 

Taking into account the yields found for the two bio-Im carbons, it is unlikely that this is due 

to the higher carbon content of B2 as otherwise the yield for B2-based carbons must have 

been higher. It has to be mentioned that the salt, however, has a positive influence on the 

carbon yield as it drastically increases the amount of the final product. In the case of B2 this 

is even the key of the synthesis, as without any salt the residues are very low. This 

phenomenon is still not fully understood, yet it is claimed that the increased ionic 

interactions, the “solvent-character” of the salt at elevated temperatures as well as the 

confinement play crucial roles. 
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Finally, the nitrogen content also does not drastically depend on the template salt, which 

suggests that the salt is mainly influencing the porosity, without affecting the chemical 

composition of the carbon too much.  

Scanning electron microscopy (SEM, Figure 2 a, b) reveal the typical sponge-like, 

interconnected morphology of the nitrogen-doped carbons synthesized in the presence of 

salts, here representatively shown for B1S3-1000 (for more images see Figure SI-1 in the 

supporting information). The bio-Im-derived carbon morphology is very characteristic for a 

spinodal microphase demixing of the precursor and salt during the synthesis, more 

pronounced and clean in structure than in the case of classical IL salt templating. [13] This 

process for the different salts is schematically depicted in (Figure 2 e-g). 

The homogeneous and light weight structure is further visible by transmission electron 

microscopy (TEM, Figure 2 c) where thin carbon layers are found. From X-ray diffraction 

(XRD, Figure 2 d) it can be derived that the high temperature materials are not ordinary 

graphitic carbons but possess only very small stacking heights which supports the high 

surface areas obtained in nitrogen sorption (Figure 3). A comparison of materials 

synthesized from B1 without and with different salts, respectively, reveals an ordered nature 

of carbons already at 800 °C (Figure SI-2). Here, the carbon B1S0-800 synthesized without 

salt reveals the most intense XRD peaks which are due to its compact structure. However, 

even for the highly porous materials B1SY-800 made in the presence of one of the four salts, 

the diffractogram still shows the typical reflections. 
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Figure 2 Characterization of B1S3-1000: a), b) SEM, c) TEM and d) XRD, e-g) Illustration of the 

carbon formation in the presence of three different salt mixtures, e) LiCl/ZnCl2 (salt 1=S1), f) 

NaCl/ZnCl2 (salt 1=S2) and g) KCl/ZnCl2 (salt 1=S3), ratio precursor to salt = 1:3. 

 

In order to gain quantitative information about the synthesized mesostructures, nitrogen 

sorption measurements were performed. In Figure 3 the adsorption/desorption isotherm 

and pore size distribution are shown for the series of B1SX-800 for all four template salts 

used. As can be already seen from the isotherms, most pores fill-up in the lower relative 

pressure range which very favorably hints to supermicroporous carbons. Furthermore, 

especially the B1S4-800 carbon sample displays the combined characteristics of type I and IV 

isotherms, indicating the coexistence of micro- and mesopores. Additionally, a steep 

increase in the high relative pressure range, implying a surface adsorption from macropores 

in the samples is observed. This is in accordance with the morphology observed in the SEM 

where the interstitial void space of the sponge–like structure contributes the larger pore 

range. The pore size distribution derived using NLDFT equation gives a range of the pores 

with diameters between 1.2 and 2.4 nm and a total pore volume of up to 0.69 cc/g. 

Nitrogen-doped carbons derived from bio-Ims are therefore high surface area materials with 

tunable and even hierarchical porosity which is generally of essential interest for 

applications where small pores but at the same time fast transport is needed. 
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Figure 3 Nitrogen sorption measurements of B1SX-800: a) isotherm, b) pore size distribution 

of B1S1-800, c), isotherm, d) pore size distribution of B1S2-800, e) isotherm, f) pore size 

distribution of B1S3-800, g) isotherm, h) pore size distribution of B1S4-800. 
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Especially for energy storage applications, such as in supercapacitors, even higher surface 

areas are wanted. Therefore, the quest for “record surface area carbons” is a very popular 

topic, yet here the choice of the precursor becomes more and more a combinatorial task 

together with the right processing technique. In order to test the suitability of the bio-Im 

precursor also in this direction, we applied several attempts along the salt route. ZnCl2-based 

salt mixtures could not exceed the value of 1596 m
2
 g

-1
 (Table 1). For this reason, we decided 

to employ cesium acetate, a low melting point salt, which should guarantee a homogeneous 

reaction mixture and serve as molecular template due to the very large and polarizable 

cesium ion.
[14]

 Exemplarily, this is shown for B1 using cesium acetate and the bio-Im 1 in a 1 : 

9 mass ratio (Figure SI-3). As for the morphology, TEM (Figure SI-3 a) and SEM pictures 

(Figure SI-3 b) indicate a structure with winded and fluffy layers which is very different from 

the carbons obtained from the eutectic mixtures described above. This is supported by XRD 

measurements which reveal an almost flat diffractogram, indicating a material without 

graphitic stacks (Figure SI-4). The nitrogen sorption measurement of this material indeed 

shows an ultrahigh surface area of 2658 m
2
 g

-1
 (Figure SI-3 c, d) which exceeds by far the 

value for few-layer graphene and even the theoretical value for single-layer graphene. 

Recently, we also described the synthesis of highly extended, sheet-like carbons with 

heteroatom-doping and few nm-thickness, however from glucose.
[15]

 To evaluate a possible 

generalization of this approach, a ZnCl2-free eutectic mixture was chosen as a solvent in 

order to work at higher temperature and concentrations otherwise incompatible with ZnCl2.  
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Figure 4 a) HRTEM images of B1S4-800 at very high salt ratio (1:100), b) higher 

magnification, c) AFM measurements of B1S4-800 at very high salt ratio (1:100). 

 

The carbon derived from B1 in combination with S4 in a weight ratio of B1 to salt of 1:100 

indeed result in extended, sheet-like materials as can be clearly seen from the high 

resolution TEM pictures (Figure 4 a, b). The strict 2D-character is further supported by AFM 

measurements which reveal a highly uniform sheet thickness of about 5 nm (Figure 4 c). It is 

to be noted, that this sheet-like carbon still contains a high nitrogen amount of 7.3 wt% and 

possesses a surface area of 763 m
2
 g

-1
 (Figure SI-5) which is a very advantageous factor e.g. 

for energy-related application.  

In conclusion, we presented an alternative approach towards the cheap and scalable 

synthesis of nitrogen-doped carbon materials of diverse morphology. Compared to standard 

approaches, the precursors used in this study are “bio-imidazolium zwitterions”, which were 

synthesized from natural amino acids and dioxo-derivatives. Such compounds, act as masked 

ionic liquids and showed an analogous behavior during carbonization to classical ionic 
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liquids. On the one hand, this reduces costs drastically and makes such precursors attractive  

for functional carbons. On the other hand, the variety of available bio-Ims and the precise 

incorporation of functionality allow speculating about systematic and rational tuning of the 

final carbon properties. Thus, the bio-Im platform offers the possibility for low-cost 

“designer-carbons” which will also allow for the deeper study of the influence of the 

precursor structure on the final material and thus custom-made carbon materials. 

Furthermore, these carbons could be shaped to various architectures with controlled 

porosities via salt templating, using the good and adjustable miscibility with salts. 

Exemplarily, the pore size was shown to be adjustable from the supermicropore to 

mesopore range, very high surface areas of 2658 m2/g could be realized and graphene-like 

sheet-morphologies are easily synthesized in higher dilution of reactants. As an outlook, it is 

imaginable that functionality will not only be adjustable through templating and processing, 

but also by rational insertion of structural motifs, e.g. chirality, which should prevail at least 

for the carbonaceous intermediates. 
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Materials and Characterization: 

Materials:  

Glycine (99.7 %) was obtained from Merck, L-phenylalanine (cellpure, ≥99.0 %) was 

purchased from Carl Roth, lithium chloride (LiCl; 99%), sodium chloride (NaCl; 99%), 

potassium chloride (KCl; 99%), zinc chloride (ZnCl2; 99%), cesium acetate (CsAc; 99.9%), 

methylglyoxal (40 % aqueous solution) and acetic acid (≥99.7 %) were obtained from Sigma 

Aldrich. N-Methyl-2-pyrrolidone (NMP; 99%) was purchased from Alfa Aesar and 

formaldehyde (37 % aq solution) from AppliChem.  

Synthesis: 

Bio-imidazoliums: 

Bio-Im 1 (B1) and Bio-Im 2 (B2) were prepared according to the methods reported in 

reference [15]. In a typical synthesis of the bio-imidazolium compounds, stoichiometric 

amounts of amino acid (0.2 mol), methylglyoxal (0.1 mol) and formaldehyde (0.1 mol), were 

combined in 200 mL Millipore water in the presence of acetic acid as a catalyst (0.6 mol).  

The reaction was allowed to proceed for 1 h at room temperature for the glycine compound 

B1 and 3 h at 50 °C for phenylalanine-derived B2. B1 was purified by freeze-drying followed 

by washing with acetic acid, B2 by extraction with chloroform.  
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Bio-imidazolium derived Carbons:  

For the synthesis of the carbons, the respective bio-Im was placed in a ceramic crucible and 

heated in nitrogen atmosphere to temperatures between 500 and 1000 °C with a heating 

rate of 2.5 K/min and kept at this temperature for 1 h. The porous carbons were synthesized 

by mixing the bio-Im with eutectic salt mixtures of LiCl/ZnCl2 (salt 1=S1), NaCl/ZnCl2 (salt 

1=S2), KCl/ZnCl2 (salt 1=S3) and LiCl/KCl (salt 1=S4), respectively, in the mass ratio of bio-

Im:salt as 1:3. For the synthesis of the ultrahigh surface area carbon, the bio-Im was mixed 

with cesium acetate in a ratio of 1:9. For the synthesis of the carbon sheets, bio-Im 1 was 

mixed with LiCl/ZnCl2 in the mass ratio of 1:100. The precursor/salt mixtures were then heat-

treated in the same way as described above. After cooling to room temperature the crude 

materials were ground and washed with water only, in order to remove the template salt 

followed by drying in a vacuum oven. 

The final carbons are denoted as BxSy-Z, where B stands for bio-imidazolium, x for the type 

of bio-imidazolium, S is for salt, y denotes the type of salt and Z denotes the synthesis 

temperature. BxS-0 is the non-porous carbon synthesized without salt. 

Characterization: 

Wide angle X-ray-patterns were recorded on a Bruker D8 Advance instrument using Cu Kα-

radiation. Bulk elemental composition was determined by combustion analysis using a Vario 

Micro device. TEM images were obtained on a Zeiss EM 912Ω instrument and SEM images 

on a LEO 1550-Gemini instrument after sputtering with platinum. High resolution TEM 

images were recorded using a double Cs corrected JEOL ARM 200F instrument. 

Nitrogen sorption measurements were performed using N2 at 77 K after degassing the 

samples at 150 °C under vacuum for 20 hours with a Quantachrome Quadrasorb SI 

porosimeter. The surface area was calculated by applying the Brunauer-Emmett-Teller (BET) 

model to the isotherm data points of the adsorption branch in the relative pressure range 

p/p0 < 0.3 in the linear region with the best correlation. The pore size distribution was 

calculated from N2 sorption data using the nonlocal density functional theory (NLDFT) 

equilibrium model method for slit pores provided by Quantachrome data reduction software 

QuadraWin Version 5.05. 

For AFM measurements, the sample was dispersed in NMP and thereafter drop-casted on a 

substrate (freshly cleaved mica), and left to dry at room temperature. AFM height and phase 
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images were obtained in the soft tapping mode by Dimension 3100 AFM (Veeco/Bruker, 

USA) controlled by the Nanoscope IIIa controller (Digital Instruments/Bruker, USA). Standard 

silicone tips (Olympus, model OMCL-AC160TS, Japan; BudgetSensors, model Tap300-G, 

Bulgaria) with radius around 10 nm were used. Measurements were performed at room 

temperature, relative humidity of about 40%, in a low-noise acoustic chamber. For the 

evaluation of the AFM data Gwyddion 2.38 and NanoScope Analysis 1.50 were used. 

 

 

Figure SI-1 SEM of B1SY-800: a) Y= S1, b) Y= S2, c) Y= S3 and d) Y= S4. 
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Figure SI-2 XRD of B1SY-800 carbon materials without (S0) and with varying salt templates used (S1-

S4), mass ratio of bio-Im:salt as 1:3. 
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Figure SI-3 a) TEM, b) SEM, c) nitrogen adsorption/desorption isotherm and d) the 

corresponding pore size distribution of the very high surface area carbon obtained from B1 

and cesium acetate at 800 °C. 
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Figure SI-4 XRD pattern of a very high surface area carbon obtained from B1 and cesium acetate at 

800 °C. 

 

 

 

 

Figure SI-5 a) Nitrogen sorption and b) XRD of B1S4-800 at very high salt ratio (1:100). 

  




