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a b s t r a c t 

The pyrolytic treatment of the novel ionic liquid 1-ethyl-3-methyl-imidazolium tetrakis-(1-imidazolyl)borate 
([EMIM][BIm 4 ]) allowed the preparation of B/N-doped carbonaceous materials with an exceptional performance 
in the adsorptive removal of the cationic dye methylene blue (MB) from wastewater. [EMIM][BIm 4 ] was prepared 
via an easy and scalable synthesis protocol in very good yield. The carbon materials obtained after salt templated 
pyrolysis of the IL displayed high degrees of heteroatom doping (up to 22 wt% N, 3 wt% B) and high surface 
areas of up to 1860 m 

2 g − 1 . The materials were tested for their performance in the adsorptive removal of MB 
from contaminated water. Adsorption equilibrium experiments revealed an adsorption capacity exceeding 

500 mg g − 1 , which is, to the best of our knowledge, the highest value reported so far. Time-resolved adsorption 
experiments showed that the materials not only exhibit high capacity but also very fast adsorption kinetics. 
Complete decolorization of MB solutions in only 5 min at high MB concentrations of 100 mg L − 1 was observed. 
These results demonstrate that [EMIM][BIm 4 ] is an excellent precursor for the preparation of IL-derived B/N- 
doped carbon sorbents. 
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. Introduction 

Due to their tunability, high surface area and stability, heteroatom-
oped porous carbons have become a very interesting material class.
n addition to their adsorptive properties, they have shown great po-
ential in catalysis, energy conversion, energy storage, and sensing
echnologies. ( Titirici et al., 2015 , Su et al., 2013 , Zhao et al., 2019 ,
ariwala et al., 2013 , Liang et al., 2008 ) In most cases, their prepa-
ation is carried out via chemical vapor deposition (CVD) or via py-
olysis of an organic precursor. A wide choice of precursors has been
ound suitable, ranging from simple organic molecules like acetonitrile
r melamine ( Pacu ł a et al., 2016 , Mombeshora et al., 2017 , Yao et al.,
015 ), to polymers ( Paraknowitsch et al., 2011 ), mixtures of organic
alts ( Luo et al., 2020 ), bio-based heterocycles ( Yang et al., 2015 ), hu-
an hair ( Chaudhari et al., 2014 ) or chicken feathers ( Gao et al., 2014 ).
hemists have pyrolysed virtually everything in the search for new
oped carbon materials! 
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A very popular class of pyrolysis precursors are ionic liquids (ILs).
heir thermal stability and low volatility provide high yield dur-

ng carbonization. Furthermore, the wide variety of possible cation-
nion combinations allows for control over the amount and nature of
oped heteroatoms in the product. ( Paraknowitsch and Thomas, 2012 ,
hang et al., 2015 ) For the preparation of heteroatom-doped carbon ma-
erials from ILs, there are two general modi operandi , as the pyrolysis of
eat, non-functionalized ILs still leads to decomposition and evapora-
ion of the decomposition products. 

In the first approach, the nano-confinement or templating approach,
he ionic liquid is entrapped inside a porous support like silica. Mixing
he IL with an inorganic salt prior to pyrolysis allows for the preparation
f carbonaceous materials from ILs that would normally just decom-
ose and evaporate under pyrolysis conditions, such as [BMIM][NTf 2 ]
r [EMIM]Br. ( Wang and Dai, 2010 , Chen et al., 2013 , Zhang et al.,
017 ) Generally, after pyrolysis, a carbon material that is a structural

negative’ of the inorganic template is obtained. This allows for a more
t 2021 
ticle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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argeted approach towards the final product, as pore and structure en-
ineering is possible through selection of the inorganic template. 

The second pathway from ILs to doped carbon materials is pre-
unctionalization. The incorporation of cross-linkable nitrile groups at
he IL cation or anion allows for the preparation of highly nitrogen-
nriched, porous carbons via pyrolysis of the neat IL. It is generally
nderstood that these functionalities undergo polymerization and con-
ensation reactions at elevated temperatures, resulting in a thermally
table resin that carbonizes with minimal loss of small, volatile organic
olecules. ( Fellinger et al., 2012 ) , ( Lee et al., 2009 ) Cations with nitrile

unctionalities can be prepared via quaternization reactions of imidazole
ith chloroacetonitrile or chlorobutyronitrile, whereas suitable nitrile-
earing anions are dicyanamide [DCA] or tricyanomethanide [TCM].
 Prechtl et al., 2009 , Drab et al., 2012 , Kuzmina et al., 2017 , Zhu et al.,
012 ) Thus with the structural variation of cation and anion of the
L, the composition of the carbon materials and their heteroatom con-
ent can be controlled. Nitrogen as a dopant is relatively straightfor-
ard to achieve, as, for example, the nitrogen content of the popular 1-

thyl-2-methylimidazolium cation ([EMIM] + ), is already approximately
5 wt%. This cation paired with a [DCA] − ion gives almost 40 wt% of N
n the precursor IL, which allows for the preparation of highly N-doped
arbon materials. Antonietti et al. reported that the material obtained
fter SBA-15 templated pyrolysis of [EMIM][DCA] at 1000°C still con-
ained 10.4 wt% of nitrogen. ( Paraknowitsch et al., 2010 ) If not only
 but also S is desired in the product, the bistriflimide ([NTf 2 ] − ) an-

on can be used instead of [DCA] − . Leung et al. used [BMIM][NTf 2 ] as
n IL-precursor in a graphite-templated pyrolysis at 900°C. The product
ot only had high nitrogen content (up to 13 at%), but also incorpo-
ated sulphur (up to 0.5 at%) in the final product. ( She et al., 2015 )
he pyrolysis of neat mixtures of [DCA] − and [NTf 2 ] − -ILs was inves-
igated by Kim et al. . [EMIM][DCA] was chosen as the carbonization
gent, trapping the bulky [NTf 2 ] − ions inside the polymerized carbon
atrix. Subsequent thermal decomposition of [NTf 2 ] − then led to pore

ormation without the use of any additional inorganic template. A high
 content (16.1 at%), as well as S (0.6 at%) and F (0.3 at%) doping,
aired with a high specific surface area of 625 m 

2 g − 1 was obtained
fter pyrolysis at 900°C. ( Jeong et al., 2017 ) Mixing [DCA] − -ILs with
hosphonium ILs and subsequent pyrolysis opens the pathway to N and
 co-doped materials, as shown by Thomas et al .. ( Paraknowitsch et al.,
013 ) Dissolving tetrabutylphosphonium bromide in 1-butyl-3-methyl-
yridinium [DCA] yielded carbon materials with up to 5.7 wt% of P and
.1 wt% of N after pyrolysis at 1000°C. 

Another popular dopant for carbon materials is boron. When paired
ith nitrogen, B- and N-doped carbons (BNCs) are formed that offer
ost interesting materials properties for applications in electrocataly-

is, sensing and adsorption. ( Panchakarla et al., 2009 , Inagaki et al.,
018 , Abbas et al., 2019 , Gouse Peera et al., 2020 , Han et al., 2020 )
nterestingly, among the ions commonly used in the field of IL chem-
stry, there are only two containing boron, tetrafluoroborate [BF 4 ] and
etracyano-borate [TCB]. Although [BF 4 ] − has been used in the prepara-
ion of B-doped carbons, its use as a precursor is hampered by the forma-
ion of gaseous HF during pyrolysis. ( Chen et al., 2016 ) , ( Ohtani et al.,
008 ) Despite the formation of HCN during pyrolysis, [TCB]-ILs proved
he more popular choice as a precursor IL, most likely due to the nitrile
unctionality in the anion, that allows for fast network formation un-
er thermal treatment and leads to a very effective formation of BNCs.
 Paraknowitsch and Thomas, 2017 , Fulvio et al., 2011 , Aijaz et al., 2014 ,
anjbar Sahraie et al., 2014 ) A drawback of using [TCB] − -ILs, however,

s their very limited commercial availability nowadays. ( SciFinder®,
014 ) The synthesis of [TCB] − -ILs relies on the rather unpleasant prepa-
ation of K[TCB] which uses an excess of molten KCN and gives rela-
ively low yields after tedious work-up procedures. ( Bernhardt et al.,
003 ) Here, we want to introduce an alternative anion that, to the
est of our knowledge, has not yet been explored in the context of ILs,
etrakis(1-imidazolyl)borate ([BIm 4 ] − ). So far, [BIm 4 ] − was mostly used
y the metal-organic-frameworks community as a linker for the prepara-
2 
ion of lightweight porous materials. ( Zhang et al., 2010 , Galvelis et al.,
012 , Zheng et al., 2010 ) With the central boron atom and four imida-
olyl wings, [BIm 4 ] − strongly resembles [TCB] − and can be used as an
lternative in the pyrolytic preparation of BNCs. In this manuscript we
resent a synthesis protocol for the preparation of Na[BIm 4 ] in larger
cale (up to 200 g per batch), and starting from this salt, the detailed
ynthesis of the new IL [EMIM][BIm 4 ] is reported. After the purity of
he IL was confirmed, the salt was applied as a precursor in the prepa-
ation of B- and N-doped carbon materials, resulting in high degrees of
eteroatom doping (up to 22 wt% N, 3 wt% B) and high surface area
aterials (up to 1860 m ( Su et al., 2013 ) g − 1 internal surface). After ma-

erials characterization by elemental analysis, ICP-OES, gas sorption, IR
pectroscopy, RAMAN spectroscopy, X-ray induced photoelectron spec-
roscopy, XRD and microscopy, the materials were tested in the adsorp-
ive removal of the pollutant methylene blue (MB). Excellent perfor-
ance, with an uptake of 0.25 g of MB per gram of BNC in 5 min and
 maximum capacity of over 500 mg g − 1 was found. This is, to the best
f our knowledge, the highest value for this class of materials reported
o far. Our study provides not only an alternative to TCB 

− -ILs for the
reparation of BNCs but also shows the potential of the new [BIm 4 ]-ILs
s versatile precursor in the field of material synthesis. 

. Experimental details 

.1. Chemicals 

All regular solvents and chemicals were purchased from commercial
uppliers and were of reagent grade. Unless otherwise stated, all chemi-
als were used as received. Sodium borohydride ( ≥ 98 %, granular form)
as purchased from Merck. Imidazole (99 %) was purchased from Alfa
esar. 1-Ethyl-3-methylimidazolium chloride ([EMIM]Cl, > 98 %) was
urchased from Iolitec and recrystallized from ethyl acetate/acetonitrile
:1 v:v, dried in vacuo and stored under argon, prior to the reaction. 

.2. Synthetic procedures 

.2.1. Synthesis of sodium tetrakis-(1-imidazolyl)borate 

Na[BIm 4 ] was synthesized via an up-scaled synthesis procedure,
riginally published by Hamilton et al. and 

Chao et al. ( Chao and Moore, 1978 ; Hamilton et al., 2003 ) Under a
onstant flow of argon, a 1 l glass reactor (for a detailed flowchart see
ig. S1) was charged with imidazole (360 g, 5.287 mol, 8 eq.). The re-
ction temperature was set to 110°C and imidazole was molten under
low stirring (300 rpm), over the course of 30 min. As soon as the im-
dazole liquefied, the reaction temperature was slowly raised to 225°C
nd simultaneously Na[BH 4 ] (25 g, 0.661 mol, 1 eq) was added in small
ortions via a lab-scale snail extruder. Vigorous evolution of H 2 was ob-
erved, as the Na[BH 4 ] granules reacted with the molten imidazole. †
pon complete addition, the reaction mixture was stirred at 225°C for
n additional 3 h, to guarantee full conversion of Na[BH 4 ]. The heating
antle was removed and the reaction mixture was cooled down using
 water bath. 800 mL of acetone were added slowly, during which an
ff-white crude-product precipitated. After filtration, the residue was
ashed with two portions of acetone (500 mL each), then with one por-

ion of cold ethanol (250 mL). Drying in vacuo gave the product as a
hite powder (187 g, 0.619 mol, 93.64 %). Purity was confirmed via

MR spectroscopy and elemental analysis (EA, see ESI for details). 

.2.2. Synthesis of 1-ethyl-3-methylimidazolium 

etrakis-(1-imidazolyl)-borate 

[EMIM][BIm 4 ] was synthesized via a simple salt metathesis reac-
ion, starting from [EMIM]Cl and Na[BIm 4 ]. A 500 mL two-necked
ask, equipped with a magnetic stirring bar and a reflux condenser, was
harged with Na[BIm 4 ] (15.1 g, 50 mmol, 1 eq.) and 350 mL of ethanol
s a solvent. The reaction mixture was heated to reflux under constant
tirring (500 rpm) until Na[BIm 4 ] dissolved completely. A clear solution
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f [EMIM]Cl (7.33 g, 50 mmol, 1 eq) in 50 mL of ethanol was added in
ne portion. A white precipitate formed immediately and stirring was
ontinued under reflux for 60 min. The reaction mixture was cooled
own to room temperature, filtered and the residue was washed with
hree portions of cold ethanol (25 mL each). The solvent was removed
nder reduced pressure to give a solid, yellow crude-product. To remove
esidual traces of NaCl in the IL, the crude-product was taken up in hot
-butanol (250 mL) and the solution was filtered again. After removal
f 1-BuOH and drying in vacuo , [EMIM][BIm 4 ] was obtained as a hy-
roscopic yellow solid (17.17 g, 44 mmol, 88 %, M = 390.26 g mol − 1 ).
urity was confirmed via NMR spectroscopy and elemental analysis. The
elting point (57°C) was determined via differential scanning calorime-

ry. Due to the m.p., no viscosity measurements were performed. The
ecomposition temperature (T Onset : 213°C) was determined via thermo-
ravimetric analysis. Details can be found in the ESI. Until further pro-
essing, the product was stored under argon. 

.3. Preparation and characterization of BNC materials 

The BNC materials were synthesized from [EMIM][BIm 4 ] using a
alt-templating method, adapted from Fechler et al. ( Fechler et al., 2013 )
n a 100 mL beaker, 16 g of [EMIM][BIm 4 ] were combined with 48 g
f a eutectic mixture of ZnCl 2 and NaCl (36.63 g and 11.37 g, respec-
ively) that served as a porogen during pyrolysis. The IL/salt mixture
as slowly heated to 80°C under gentle stirring to give a slightly yel-

ow, homogenous paste. This precursor was transferred into porcelain
rucibles and pyrolyzed at up to 1000°C in a Carbolyte CWF 1100 cham-
er oven under a constant stream of argon for 2 h and with a heating
ate of 10 K min − 1 . The samples were allowed to cool down to room
emperature, combined, ground in a mortar and washed with 200 mL
f HCl (10 wt%) and NaOH (0.1 M), respectively, in two consecutive
teps, for 1 h each. After filtration, the samples were washed with H 2 O
ntil a neutral pH was achieved and dried in an oven at 100°C over
ight. The three samples prepared were denoted as BNC-800, BNC-900
nd BNC-1000, with the number representing the respective pyrolysis
emperature. 

To determine the bulk elemental composition of BNC materials, el-
mental analysis (UNICUBE®, elementar) and ICP-OES (CIROS-CCD,
PECTRO) were used. For surface analysis and evaluation of chemical
onding, X-ray photoelectron spectroscopy (DASSA ( Niedermaier et al.,
016 ), Omicron NanoTechnology, monochromated Al K 𝛼 X-ray source,
486.6 eV, 238 W, detection angle of 0° to the surface normal of the sam-
le) and FTIR (FT/IR-4600, Jasco, KBr pellet) were used. The morphol-
gy was studied by SEM (ULTRA 55 SEM, Carl Zeiss) and TEM (CM 30,
hilips). The specific surface area (S BET ) was calculated by applying the
runauer-Emmett-Teller (BET) model to N 2 adsorption isotherm data
oints (ASAP 2000, Micromeritics). The pore size distribution was calcu-
ated using the NLDFT equilibrium model method for carbon slit pores.
owder X-ray diffraction patterns were collected on a Philips X’Pert Pro
PD diffractometer in Bragg-Brentano geometry equipped with a pix-

el ( Zhao et al., 2019 ) D line detector. The copper X-ray tube providing
uK 𝛼1 ( 𝜆 = 1.5406 Å) radiation was operated at 40 kV and 40 mA.
or Raman spectroscopy, an AvaRaman-532HERO-EVO (Avantes) sys-
em with an AvaRaman-PRB-532 (Avantes) probe was used. The Raman
olution consisted of a 532 nm (green) solid state laser (Cobolt) and an
vaSpec-HERO (Avantes) spectrometer with a grating set of 1200 lines
m 

− 1 (HSC1200-0.75). The spectrometer was equipped with a 50 μm
lit and the detected wavelength range was 534-696 nm. The Raman
pectra were collected in 10 repetitions at 50 mW laser power with an
xposure time of 10 s. 

.4. Adsorption kinetics of MB 

In a typical time-resolved adsorption experiment, a 50 mL Schott
ottle was charged with 20 mg of BNC adsorbent and 50 mL of MB solu-
ion (c 0 = 20 mg L − 1 or 100 mg L − 1 ) were added under vigorous stirring
3 
800 rpm), to guarantee a homogeneous suspension. The recording time
as started immediately upon addition of the solution and samples of
.5 mL were withdrawn either every minute (for BNC-800 at c 0 = 100
g L − 1 ), or every 30 s (for BNC-900 and BNC-1000). After filtration us-

ng a 0.45 μm PTFE syringe filter, the remaining concentration of MB in
olution (c t ) was measured using a UV/Vis spectrometer (Specord 205,
nalytic Jena), calibrated at 663 nm. From c t the amount of adsorbed
B at time-interval t (q t ) could then be calculated using: 

 𝑡 = 

𝑉 
(
𝑐 0 − 𝑐 𝑡 

)

𝑚 

(1) 

here V (l) is the volume of the MB solution, c 0 (mg L − 1 ) is the initial
oncentration of MB and m (g) is the mass of the BNC adsorbent. 

.5. Adsorption capacity and isotherms 

Stock solutions of MB (50 mg L − 1 up to 400 mg L − 1 ) were prepared
y dissolving the respective amount of MB in 1 L of deionized H 2 O and
sed without further pH correction. In a typical equilibration experi-
ent, 10 mg of BNC adsorbent were mixed with 25 mL of MB stock

olution and vigorously stirred for 24 h at room temperature. A sam-
le of 3 mL was withdrawn and filtered using a 0.45 μm PTFE syringe
lter. The remaining concentration of MB at equilibrium (c e ) was then
easured using a UV/Vis spectrometer (Specord 205, Analytic Jena),

alibrated at 663 nm. With c e , the adsorption capacity (q e ) could then
e calculated using the following equation: 

 𝑒 = 

𝑉 
(
𝑐 0 − 𝑐 𝑒 

)

𝑚 

(2) 

here q e (mg g − 1 ) is the adsorption capacity at equilibrium, V (l) is the
olume of the MB solution, c 0 and c e 

(mg L − 1 ) are the initial and equilibrium concentration of MB, respec-
ively and m (g) is the mass of the BNC adsorbent. To fit the values of q e 
t different c e , three adsorption isotherm models were used in this study.
he Langmuir isotherm model is based on a monolayer sorption with-
ut interaction between sorbed molecules on the homogeneous surface.
 Langmuir, 1918 ) The q e value is determined by Equation 3. 

 𝑒 = 

𝑞 𝑚𝑎𝑥 𝐾 𝐿 𝑐 𝑒 

1 + 𝐾 𝐿 𝑐 𝑒 
(3) 

ith q e (mg g − 1 ) and c e (mg L − 1 ) being the adsorption capacity and
oncentration of adsorbate at equilibrium, respectively, q max (mg g − 1 ) is
he theoretical maximum adsorption capacity with monolayer coverage
nd K L 

(L mg − 1 ) is the Langmuir isotherm constant, related to the favorabil-
ty of adsorption. The Freundlich equation describes multilayer sorption
n a heterogeneous surface ( Equation 4 ). ( Freundlich, 1907 ) 

 𝑒 = 𝐾 𝐹 ⋅ 𝑐 
1∕ 𝑛 
𝑒 (4)

 F and 1/n are constants related to adsorption capacity and intensity, re-
pectively. The Brouers-Sotolongo isotherm model is based on statistical
nalysis of complex sorption processes and considers physical and chem-
cal heterogeneities of the adsorbent and of the adsorbent/adsorbate sys-
em. ( Brouers et al., 2005 , Ncibi et al., 2008 , Altenor et al., 2009 ) The
rouers-Sotolongo isotherm (BSI) is calculated according to Equation 5.

 𝑒 = 𝑞 𝑚𝑎𝑥 

(
1 − 𝑒 ( − 𝐾 𝑊 𝑐 𝛼𝑒 ) 

)
(5) 

ith K W 

= K F /q max , where K F is the Freundlich constant at low c e and
is a measure of the energy heterogeneity of the sorbent surface. 

.6. Influence of pH on adsorption capacity 

HCl (10 wt%) and NaOH (0.1 M) were used to prepare five solutions
ith a pH value of 2, 4, 6, 8 and 10. To these solutions, an appropriate
mount of MB was added, to give an initial concentration of MB of 100
g L − 1 . To determine the adsorption capacity of BNC-1000 at varying
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Table 1 

Bulk elemental composition in wt% and sum formula of BNC materials pre- 
pared in this study. 

Sample C (wt%) N (wt%) B (wt%) Sum formula a H, O (wt%) b 

BNC-800 53.4 21.7 2.8 C 17 N 6 B 2.6, 19.5 
BNC-900 68.3 12.0 1.6 C 38 N 5 B 2.0, 16.1 
BNC-1000 74.7 8.2 2.1 C 32 N 3 B 1.7, 13.3 

a calculated from bulk elemental analysis, rounded to full integers and nor- 
malized to boron b attributed to adsorbed water, included for completeness. 

Fig. 1. N 2 sorption isotherms of BNCs pyrolyzed at different temperatures. 
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H value, 10 mg of adsorbent were mixed with 50 mL of previously
repared stock solutions and vigorously stirred for 24 h. A sample of
 mL was withdrawn and filtered using a 0.45 μm PTFE syringe filter.
sing UV/Vis, c e was measured and q e was calculated ( vide supra ). 

. Results and discussion 

.1. Material synthesis 

Due to the need for larger quantities of Na[BIm 4 ] in this study, an
p-scaled synthesis protocol was developed that produces almost 200
 of Na[BIm 4 ] in high purity in one batch. The procedures reported in
iterature so far, ( Chao and Moore, 1978 ; Hamilton et al., 2003 ) de-
cribe charging a flask with Na[BH 4 ] and an excess of imidazole, then
eating the reaction mixture until H 2 evolution ceases. This formation
f gaseous co-product raises severe safety concerns in larger batches, as
er gram of Na[BH 4 ], over 2 L of flammable hydrogen gas are produced.
o allow for better reaction control, in this study a fed-batch operation
ode was employed, where small portions of Na[BH 4 ] are continuously

ed into molten imidazole at elevated temperatures. As opening the re-
ctor and manual addition of borohydride leads to loss of imidazole,
 lab-scale snail extruder was used instead, which guarantees continu-
us addition of reagent in a closed environment. After purification, the
roduct Na[BIm 4 ] is obtained in high purity and almost quantitative
ield. 

For the preparation of the IL [EMIM][BIm 4 ], a common salt-
etathesis with Na[BIm 4 ] and [EMIM]Cl in EtOH was used (precipi-

ation of NaCl). As with most ILs prepared via this method, a residual
aCl impurity was detected in the elemental analysis after this step.
or further purification, the crude product was dissolved in hot 1-BuOH
nd insoluble NaCl was removed via filtration. Interestingly, the use
f n -butanol proved crucial in this step, as more polar solvents, like
sopropanol, do not lead to the precipitation of NaCl. Less polar sol-
ents, like acetonitrile, on the other hand, also precipitate traces of
a[BIm 4 ] and this leads to an excess of [EMIM]Cl in solution. After dry-

ng [EMIM][BIm 4 ] in vacuo , the absence of NaCl was confirmed by ele-
ental analysis. Furthermore, 1 H-NMR spectroscopy showed an [EMIM]

o [BIm 4 ] ratio of 1:1 and confirmed the absence of organic impurities.
For the preparation of the porous BNC adsorbent materials from

EMIM][BIm 4 ], a salt-templating method, originally published by Fech-
er et al. ( Fechler et al., 2013 ; Fechler et al., 2014 ) was used. An eutectic
ixture of NaCl and ZnCl 2 served as the porogen. This approach was
ecessary as pyrolysis of pure [EMIM][BIm 4 ] only yielded non-porous
aterials. This result is not surprising, as literature suggests a need for
olymerizable nitrile functionalities on either the IL cation or the IL
nion for self-templating processes towards porous pyrolysis products.
 Paraknowitsch and Thomas, 2012 ; Zhang et al., 2015 ) [EMIM][BIm4]
bviously lacks those functionalities and therefore the IL requires exter-
al templating. 

In a first step, the IL was simply mixed with the salts in a beaker
nder elevated temperatures until a homogeneous paste was obtained.
his IL/template mixture was transferred to porcelain crucibles and py-
olyzed under inert gas. During pyrolysis, the eutectic mixture of inor-
anic salts melts and forms an inorganic matrix. This matrix mixes with
he organic IL to give heteroatom-doped carbons under pyrolysis condi-
ions. After carbonization, the template was removed with dilute HCl,
aOH and H 2 O. All materials were obtained as shiny black powders in
ass yields of approximately 35%. 

.2. Material characterization 

The bulk elemental analyses (EA & ICP) of BNCs are summarized in
able 1 . Interestingly, EA also detected hydrogen and oxygen. Because
hese values closely match the stoichiometry of water and only insignif-
cant amounts of oxygen bonds were found by other analytic methods
4 
 vide infra ), these amounts were mainly attributed to adsorbed water on
he surface of the porous samples. 

Generally, all samples show a high degree of N and B doping, with
 decrease in doping with higher pyrolysis temperatures. With an in-
rease of temperature, only a small change in absolute boron content
an be observed, whereas nitrogen drastically decreases and carbon in-
reases. This result is in accordance with investigations on the pyroly-
is of tetracyanoborate-ILs by Fellinger et al. ( Fellinger et al., 2012 ) At
emperatures close to 1000°C, the thermodynamically stable B-N bond
tabilizes nitrogen bonded to boron, while imidazole units undergo re-
rrangements and cross-linking reactions towards carbonaceous mate-
ials. Nitrogen bonded exclusively to carbon can be lost as HCN or
lkylcyanides during this process and this reduces N doping in the fi-
al material. Remarkably, even BNC-1000 still contains more than 10
t% of heteroatoms in its structure, which is one of the highest degrees
f doping for a B/N-doped porous carbon material reported so far (see
astro-Muñiz et al. ( Castro-Muñiz et al., 2017 ), and references therein).
urthermore, as [BIm 4 ] − inherently provides only B-N bonds, no boron
ound to carbon is expected in our BNC materials. 

Nitrogen sorption/desorption experiment were conducted to inves-
igate the porous structure of BNCs and these are depicted in Fig. 1 . The
pecific surface areas are generally very high and materials pyrolyzed at
igher temperatures show a higher S BET (BNC-800, 1470 m 

2 g − 1 , BNC-
00, 1788 m 

2 g − 1 ). It is worth noting that BNC-1000 (1860 m 

2 g − 1 ) ap-
roaches the maximum theoretical S BET of single-layer graphene sheets
2000 m 

2 g − 1 ). ( Rao et al., 2009 ) As can be seen, all three materials show
ype I(b) isotherms, typical for materials with a wide pore size distri-
ution in the micropore and narrow mesopore region. ( Thommes et al.,
015 ) The observed hysteresis can be attributed to interparticle conden-
ation. Specifically the sharp uptake in the low pressure region implies
umerous micropores, which is confirmed by the pore size distributions
see Fig. S2). All BNCs display a porous network of small mesopores 

( < 4 nm) and micropores. Interestingly, although BNC-1000 has the
ighest S BET , it has the lowest relative amount of micropores < 1 nm,
hich indicates continuous burn-off during pyrolysis, resulting in an

ncreasing amount of micro and small mesopores, as well as an increase
n specific surface area. 
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Fig. 2. TEM pictures of BNC-800 (left col- 
umn), BNC-900 (middle column) and BNC- 
1000 (right column). 
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Fig. 3. FTIR spectra of BNC materials pyrolyzed at different temperatures. 

 

t  

f  

n  

g  

d
c  

m  

b  

H  

t  

c  

f
t  

a  

t  

f  

o  

w  

p  

a  

c  
This burn-off is also observed in electron microscopy. Although the
aterials looked relatively similar in SEM pictures (see Fig. S3), the
EM pictures revealed significant differences in morphology, as de-
icted in Fig. 2 . Where BNC-800 shows a 2D structure of smooth, over-
apping nanosheets, BNC-900 and BNC-1000 display increasing rough-
ess on their surface with a porous texture clearly visible. This increas-
ng amount of defects (or holes in the sheet) originates from the evapo-
ation of ZnCl 2 and volatile organic molecules at elevated temperatures
nd is most likely the reason for the higher specific surface areas of
NC-900 and BNC-1000, when compared to BNC-800. 

To investigate crystallinity of BNCs, Raman spectra were recorded
see Fig. S4). Two dominant bands can be observed. The relatively broad
 band at approx. 1355 cm 

− 1 is assigned to asymmetric B-N domains
nd defective graphite. The G-band at approximately 1590 cm 

− 1 is as-
igned to sp 2 -hybridised graphite-like structures. ( Lazzarini et al., 2016 ,
uinstra and Koenig, 1970 , Ferrari and Robertson, 2000 ) Integration
sing a lorentzian line shape of both bands allows for a comparison of
isordered and ordered ( ergo crystalline) domains in the material by
ividing the D-band area by the G-band area (I D /I G ). Following this,
 perfect graphene sheet would have a I D /I G ratio of 0, as no D-band
ould be measurable. BNC-1000 shows the lowest I D /I G ratio with 1.14,
hich is a sign for higher degree of graphitization and crystallinity than

n BNC-900 (I D /I G = 1.27) and BNC-800 (I D /I G = 1.41). This implies
hat higher pyrolysis temperatures (close to 1000°C) favor the burn-off
f rather volatile, amorphous structures and promote the formation of
p 2 -hybridized, aromatic architectures. This observation was confirmed
ith XRD measurements (see Fig. S5). All three materials show two
road diffractions at 25°, corresponding to the graphite (002) plane,
nd at 44°, corresponding to the graphite (100) plane. Interestingly, the
iffraction pattern at 25° broadens with increasing pyrolysis tempera-
ure, indicating a decrease in stacking order of BNC-sheets. In contrast,
he diffraction pattern at 44° becomes more pronounced and narrow
t higher temperatures. Hence, while vertical order decreases, an in-
rease in lateral, in-plane order is observed. This shows that, although
he stacking of BNC-sheets is more turbostratic at higher pyrolysis tem-
eratures, the sheets per se have a more crystalline character. 

To investigate chemical bonding in the bulk material, FTIR spectra
ere recorded (see Fig. 3 ). The sharp peak at 1380 cm 

− 1 is assigned
o in-plane vibrations of sp 2 -bonded boron nitride. The relatively broad
and at 
C

5 
1620 cm 

− 1 can be ascribed to C = C and C-N stretching vibrations of
he graphitic domains, nitrogen-doped in the graphitic phase and the
rontier from graphitic to boron nitride domains, respectively. Both sig-
als show that BNCs consist of a graphitic architecture, doped with sin-
le nitrogen atoms and hexagonal boron nitride (h-BN) domains. The ad-
itional bands around 2900 cm 

− 1 and the shoulder around 3400 cm 

− 1 

an be ascribed to C-H and B-OH stretching vibrations, respectively,
ost likely resulting from the edges and defects of the BNC sheets. The

road band at 3400 cm 

− 1 is assigned to the O-H stretching vibrations of
 2 O, adsorbed on the surface of the highly porous materials. Two addi-

ional observations can be made in the FTIR spectra of BNCs. First, the
haracteristic B-C stretching vibration at 1020 cm 

− 1 is absent. There-
ore, no rearrangement at the nitrogen-bonded boron-core of [BIm 4 ] − 

akes place during pyrolysis. Second, the broad band at 1125 cm 

− 1 , with
dditional shoulders at 1250 cm 

− 1 and 1085 cm 

− 1 , is characteristic for
he sp 3 -bonded wurtzite structure of boron nitride (w-BN). This phase is
ormed under high pressure and high temperature from either hexagonal
r cubic boron nitride and is still not much investigated. Interestingly,
ith increasing pyrolysis temperature, the w-BN band becomes more
ronounced, whereas the h-BN band decreases in intensity. Therefore,
 phase transformation of h-BN to w-BN during material preparation
an not be excluded. ( Romanos et al., 2013 , Portehault et al., 2010 ,
hrenko, 1974 , Zhang and Meng, 2019 ) 
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Fig. 4. XP N 1s (left), C 1s (mid) and B 1s 
(right) spectra of BNC-800 (first row), BNC- 
900 (second row), BNC-1000 (third row); in- 
tensity scales within one column are identical. 
Dominant signals related to C-N, B-N, and C- 
C species are marked in green, blue and grey, 
respectively, along with a small boron-oxide 
contribution (magenta); broad peaks (orange) 
at the high binding energy side of the N 1s 
and C 1s regions are due to satellite features 
of N and C atoms in an aromatic configuration. 
Close-ups of the respective spectra can be found 
in the ESI. 

Table 2 

Composition (relative to boron) of BNC-800, BNC-900 and BNC-1000, obtained via elemental analysis 
(EA) or via XPS measurements; The right column shows the atomic B:N ratio of the B-N related XPS 
signals (blue peaks in Fig. 4 ). 

Sample EA composition a (total sample) XPS composition a ,b (near-surface) B: N ratio of B-N signals c 

BNC-800 C 17 N 6 B C 17 N 5 B 1: 3.5 
BNC-900 C 38 N 5 B C 18 N 3 B 1: 2.1 
BNC-1000 C 32 N 3 B C 33 N 3 B 1: 1.8 

a normalized to boron b XPS information depth of 7 – 9 nm 

c pure h-BN would have a B: N ratio of 1: 
1, higher ratios arise from N bound to C in BNCs. 
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The composition and bonding configuration within the near-surface
egion of BNCs was investigated with X-ray photoelectron spectroscopy
XPS, information depth 7-9 nm). The XP spectra (see Fig. 4 ) essentially
eveal the same bonding situation as FTIR according to literature bind-
ng energy (BE) values. ( Hao et al., 2019 ) Species related to B-N (B 1s
91.2 eV, N 1s 398.7 eV), C-N (C 1s 286.6 eV, N 1s 400.8 eV) and C-C
C1s 284.7 eV) bonds are present confirming our FTIR results that the
NC materials consist of carbon domains with boron and nitrogen in-
orporated. C-B bonds could be excluded, due to missing characteristic
ignals in C 1s (expected at 284.1 eV) and B 1s (expected at 190.4 eV).
nly a very small amount of oxidized boron (192.6 eV, around 5-8 % B-
 intensity relative to B-N) is visible at the high BE side of the B-N signal

or the three BNC materials in XPS (see also Table S1). Note that boron-
xygen bonds have been reported in other BNC materials prepared via

yrolysis and are a result of the oxophile nature of unsaturated boron
n defects. ( Portehault et al., 2010 ) In addition, in the here investigated
amples, all N 1s and C 1s spectra reveal a broad peak shifted to higher
E (orange signal in Fig. 4 ) that is attributed to satellites from aromat-

cally bound carbon and nitrogen. In comparison to the overall bulk
omposition as given by EA, the more surface sensitive XPS analysis
integrated signal of all peaks in Fig. 4 ) reveals a quite good agreement
f the relative C-N-B content for BNC-800 and BNC-1000 (see Table 2 ).
n XPS, only BNC-900 shows a higher boron content relative to carbon
nd nitrogen determined in EA. The last column in Table 2 shows the
 : N ratio of the B-N related XPS signals (blue peaks) in Fig. 4 . Due
o the lack of B bound to C and due to the B : N = 1 : 3.5 ratio of B-N
ignals, we propose that in BNC-800, mainly BN 3 sites, and N at C-N
ites (green peaks in Fig. 4 ; see also ESI Table S1) are incorporated in
he carbon domains. At 900°C, nitrogen mainly from C-N sites (and to
ome extent also from BN 3 sites) starts to burn off, converting carbon
nto C-C carbon as shown in the C-C peak increase (see grey peaks in
ig. 4 ), while the boron content remains more or less constant (see ESI
able S1). 1000°C pyrolysis releases even more nitrogen but, in compar-
6 
son to 900°C, also boron as shown by the drastic decreases in N 1s and
 1s intensities, again accompanied by an increased conversion into C-C
arbon. The smaller B: N = 1.8 ratio of B-N signals is an indication that
oron nitride configurations close to the surface are formed for BNC-
000. 

.3. Dye-removal using BNCs 

With these BNC material features at hand, namely a high degree of
eteroatom doping, a rough nanostructure paired with high porosity,
he materials prepared in this study were tested for adsorption applica-
ions. As a model pollutant, methylene blue (MB) was chosen. This com-
ound is a representative of the widely used, and partially carcinogenic,
ationic dyes. ( Tan et al., 2015 ) The BNC materials were investigated
ith regards to their adsorption kinetics, i. e. how fast they can adsorb
 pollutant. Furthermore, their adsorption capacity, i. e. how much pol-
utant can actually be taken up, was studied. Both aspects are key per-
ormance indicators for a potential application as a sorbent material. 

.3.1. Adsorption kinetics 

A fast uptake of pollutants by the adsorbent is highly desired. There-
ore, all BNCs prepared in this study were tested in time-resolved ad-
orption experiments. Two different concentrations of MB were inves-
igated, a moderate c 0 of 20 mg L − 1 and a relatively high c 0 of 100
g L − 1 . Samples were taken every 30 seconds (except for BNC-800 at
 0 = 100 mg L − 1 where time intervals of 1 min were used instead) and
ubsequently analyzed via UV/Vis. The results are depicted in Fig. 5 .
he first observation was that a MB concentration of 20 mg L − 1 was
oo low for these experiments, as complete decolorization occurred in
ess than one minute. At a higher c 0 of 100 mg L − 1 , all three materials
till showed very fast adsorption and saturation time was after approx-
mately 5 min. The uptake curves can be divided in three phases, best
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Fig. 5. Time resolved adsorption of MB on BNCs. 20 mg adsorbent, 50 mL MB 
solution, c 0 = 100 mg L − 1 (full symbols), c 0 = 20 mg L − 1 (hollow symbols), 800 
rpm. Lines between data points are guidance to the eye and do not represent 
experimental data. 

Fig. 6. Adsorption isotherms of MB on BNCs. 10 mg adsorbent, 25 mL of MB 
solution, 24 h. c e measured with UV/Vis, calibrated at 663 nm. c 0 ranging from 

50 mg L − 1 up to 400 mg L − 1 . Experiments reproduced two times and results 
averaged. 
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Scheme 1. Synthesis of [EMIM][BIm 4 ]. 
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A  
een with BNC-800. In the first phase, more than 50 % of MB is ad-
orbed within a few seconds, due to adsorption on the outer surface of
he BNC particles. In the second phase, a linear increase in adsorption
ccurs, due to intra-particle transport and adsorption in the pores. In
he final third phase, an adsorption-desorption equilibrium establishes.
NC-1000 displays the fastest kinetics, followed by BNC-900, and the
lightly slower BNC-800. This can be explained by the rough outer sur-
ace of BNC-1000, as observed in TEM, as well as its wider micropores
nd higher number of mesopores, allowing for easier diffusion of MB to
he adsorption sites in the particle. It is important to note that complete
emoval of MB ( > 99 % adsorbed) was achieved with our BNC-1000 ma-
erial, which equals a MB take-up of 0.25 g per gram of adsorbent in
nly 5 min. 

.3.2. Adsorption capacity 

The equilibrium adsorption capacity (q e ) is a measure for the amount
f adsorbate an adsorbent can remove from solution in equilibrium,
iven in mg (pollutant) per g (adsorbent). In this study, q e was deter-
ined in batch sorption experiments. The prepared BNCs were mixed
ith stock solutions of MB of varying concentration c 0 . After 24 h of
igorous stirring, a sample was taken, analyzed via UV/Vis spectroscopy
nd the c e value was calculated. The isotherm values for q e over c e are
epicted in Fig. 6 . At low concentrations of MB, q e increases sharply for
ll three materials under investigation, as virtually complete decoloriza-
ion of the stock solution was observed. Increasing the concentration of
B leads to the saturation of more and more adsorption sites and an

dsorption-desorption equilibrium is established. The maximum adsorp-
ion capacity (q max ) was measured with a c 0 of 400 mg L − 1 and exceeded
00 mg g − 1 for all three BNC-materials (See ESI for a plot of q e over c 0 ).
7 
o the best of our knowledge, this is the highest adsorption capacity re-
orted for MB on boron nitride or boron nitride-doped carbon-materials
see Table 3 ). It is an interesting fact that only small differences in q max 
an be observed for all three BNCs under investigation, with BNC-1000
howing approximately 10 mg g − 1 and 25 mg g − 1 higher capacity than
NC-900 and BNC-800, respectively. It is known from literature, that
hree factors mainly determine the adsorptive properties of nanomate-
ials. ( El-Mahdy et al., 2020 , Smith and Rodrigues, 2015 , Li et al., 2018 )
irst, a high specific surface area, because a higher surface also implies a
igher number of adsorption sites. As all materials prepared in this study
how very high, but slightly different specific surface areas, this factor
ould explain the higher q max of BNC-1000. Second, sufficient pore-size,
s obviously, pores smaller than the adsorbate molecule can not serve as
ost for the adsorption process. A higher level architecture of meso- or
acropores allows for easier transport of sorbent molecules to active ad-

orption sites. Most pores of the BNC materials reported here are larger
han the length and width of MB (14.2 Å and 5.4 Å, respectively), there-
ore, the pore-size of BNCs seems not to be a restricting factor. The third
nd most interesting factor influencing adsorptive properties is the sur-
ace functionalization of the adsorbent. MB is an organic molecule with
 large aromatic ring structure, therefore 𝜋- 𝜋 interactions are highly rel-
vant for adsorption. Boron nitride, as well as graphitic domains, both
resent in the materials studied here, provide an extensive aromatic sys-
em for 𝜋- 𝜋 stacking with MB, explaining the high capacity of the BNCs
aterials. 

.3.3. Adsorption isotherm fitting 

To investigate possible adsorption mechanisms and a theoretical
aximum adsorption capacity, the equilibrium capacity data were
on-linearly fitted with three different isotherm models, the Lang-
uir, the Freundlich and the Brouers-Sotolongo isotherm model (see

ection 2.5 for details). To quantify the fit quality of a given model, the
 

2 value was calculated and compared (see Table 4 ). Detailed graphs of
he respective fits are depicted in Fig. S6a-c. According to the calculated
orrelation coefficient, the Langmuir isotherm model is the least suitable
o describe adsorption of MB on BNCs with R 

2 values of approximately
.62 up to 0.92. Additionally, the q max predicted by this model lies be-
ow the experimental value for all three materials, implying multi-layer
dsorption of MB. 

The Freundlich and Brouers-Sotolongo isotherm models both show
igher values for R 

2 , ranging from approximately 0.89 to 0.93 and 0.87
o 0.96, respectively. Both models describe complex multilayer sorption
n heterogeneous surfaces and both appear to accurately predict the
dsorption of MB on BNCs. Interestingly, the constant 𝛼 in the Brouers-
otolongo isotherm model, i. e . the measure for the energy heterogene-
ty of the surface, increases from BNC-800 over BNC-900 to BNC-1000.
n increase in 𝛼 is caused by two factors. ( Selmi et al., 2018 ) First,
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Table 3 

Maximum adsorption capacity for MB on boron nitride based nanomaterials reported 
in literature. 

Adsorbent q max for MB / mg g − 1 Refs. 

BNC-800 501 this study 
BNC-900 514 this study 
BNC-1000 525 this study 
Norit® CN 1 decolorizing charcoal 285 a ( FisherScientific 2020 ) 
Boron nitride nanosheets (BNNS) 333 ( Bangari and Sinha, 2020 ) 
Porous BNNS 313 ( Lei et al., 2013 ) 
h-BN 54 ( Guo et al., 2019 ) 
h-BN 392 ( Li et al., 2015 ) 
Porous BNNS 413 b ( Li et al., 2018 ) 
BN nanocarpets 272 b ( Zhang et al., 2012 ) 

a commercial decolorizing charcoal, purchased from Acros, Lot: A0390150; 
b values obtained from the Langmuir adsorption isotherm, no experimental values 

for q max were reported in the original publications. 

Table 4 

Langmuir, Freundlich and Brouers-Sotolongo isotherm model parameters for MB adsorption on BNCs (25°C, 10 mg BNC, 25 mL MB solution). Data 
points nonlinearly fitted with Origin 2019. 

Sample Langmuir Freundlich Brouers-Sotolongo 

q max (mg g − 1 ) K L (L mg − 1 ) R ( Su et al., 2013 ) K F n R ( Su et al., 2013 ) q max (mg g − 1 ) K W 𝛼 R ( Su et al., 2013 ) 

BNC-800 440 2.6 0.83 236.6 6.9 0.92 618 0.49 0.23 0.93 
BNC-900 435 2.2 0.62 231.8 6.5 0.89 528 0.59 0.27 0.87 
BNC-1000 463 3.5 0.92 261.0 7.3 0.93 508 0.79 0.32 0.96 
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n increase in specific surface area and widening of pores, which could
lready be observed in N 2 -sorption experiments with the BNCs under in-
estigation. Second, 𝛼 increases as the surface functionality decreases.
s seen in XPS analysis, BNC-800 shows the highest and BNC-1000
hows the lowest degree of B and N doping in its surface. An increase in
in the adsorption experiments, therefore, agrees with the results from
aterial characterization. 

.3.4. Influence of pH on adsorption 

A change in the pH value of an adsorbate solution also changes the
urface charge of a suspended adsorbent. As electrostatic interactions
re one of the main driving forces for adsorption, the pH value is one of
he key factors to tune the adsorption properties of a material. ( Yu et al.,
018 ) BNC-1000 shows a very high capacity for MB at neutral pH, so
e were interested, if at a certain pH value this property would change.
 pH range from 2 to 10 with a c 0 of 100 mg L − 1 was investigated and

he results are depicted in Figure S8. Note, that for these experiments a
ower adsorbent loading than for the adsorption isotherm experiments
as chosen, so generally, a higher q e can be expected. 

Starting from acidic conditions, pH 2 to pH 6, BNC-1000 already
hows very high capacity with 400 mg g − 1 . In neutral to basic condi-
ions, up to pH 10, the capacity slightly increases to 416 mg g − 1 . An
ncrease in pH beyond this point of zero charge leads to a negatively
harged surface. An increase in adsorption capacity for the cationic dye
B at higher pH is therefore not surprising. Remarkably, no displace-
ent of MB by H 

+ occurs at low pH values, so ion-exchange and elec-
rostatic interactions seem to play only a minor role in the adsorption
n BNCs, which makes 𝜋- 𝜋 stacking on the aromatic surface very likely
he dominant mode of interaction. Thus, BNCs have high capacity for
ontaminants over a very wide range of pH. This means that effective
dsorption is possible independent of the acidity or basicity of the solu-
ion. 

. Conclusions 

The new ionic liquid [EMIM][BIm 4 ] was synthesized and used for the
reparation of heteroatom-doped 2D carbon sheets via salt-templated
yrolysis. An increase in pyrolysis temperature led to burn-off of amor-
8 
hous domains and gave more crystalline but turbostratic materials
ith high specific surface areas of up to 1860 m 

2 g − 1 . Chemical analy-
es showed a high degree of heteroatom-doping with isolated nitrogen
toms and boron nitride domains incorporated into the graphitic ma-
erial structure. With the prepared nanomaterials the adsorption of the
ndustrial dye methylene blue from wastewater was investigated. De-
olorization of even concentrated stock solutions was observed in less
han 5 minutes, and with over 500 mg g − 1 , the highest adsorption ca-
acity reported so far for this class of materials was observed. Our re-
ults reveal that BNC sheets prepared from new [BIm 4 ] − ionic liquids
re highly promising candidates for applications in technical adsorption.
oreover, we anticipate that their structural properties will also make

hem very interesting for the use as catalysts or catalyst supports. 
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