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Abstract: High internal phase emulsions (HIPEs) have templated self-standing porous 

carbonaceous materials (carboHIPEs) while employing Kraft Black Liquor, a paper milling 

industry by-product, as a carbon precursor source. As such, the starting emulsion has been 

prepared through a laboratory-made homogenizer while native materials have been characterized 
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at various length scales either with Raman spectrometry, XRD, mercury intrusion porosimetry 

and nitrogen absorption. After thermal carbonization, specific surface areas ranging from around 

600 to 1500 m².g
-1

 have been reached while maintaining a monolithic character. Despite a poor 

graphitization yield, the carbonaceous materials offer a good electronic transport properties 

reaching 31 S.m
-1

. When tested towards energy storage applications, the native unwashed 

materials revealed a hydrogen storage of 0.07 wt.% at 40 bar & RT, while hydrogen retention is 

reaching 0.37 wt.% at 40 bar & RT for the washed sample. When employed as supercapacitor 

electrodes, these carbonaceous foams are a le to deli er high ca acities o     140 F/g at 1 A/g, 

matching thus the ones obtained from a commercial carbon reference, while providing 

additionally a restored remnant capacity of 120 F/g at 2 A/g over 5,000 cycle numbers.  

 

Keywords: Emulsion templating, Kraft Black Liquor, Carbonaceous foams, Hydrogen storage, 

Supercapacitors 
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Introduction 

Nowadays, the interest in porous materials has increased significantly among all fields of 

chemistry, as they are composed either of inorganic, organic or hybrid skeletons.
1
 Additionally to 

their intrinsic chemical nature, these porous materials are reaching a tremendous set of 

applications ranging from heterogeneous catalysis, environmental remediation, energy storage 

and conversion, acoustic and thermal insulators and so forth.
2,3

 While inorganic foams are mostly 

silica-based materials
4
 or zeolites,

5
 the organic ones are polymeric materials.

6
 To prepare these 

materials through a rational design, various processes can be applied to address the desired wall 

morphologies, pore sizes and monolith macroscopic shapes.
4,6

 Particularly, the emulsion 

templating approach appears a versatile technique favouring interconnected macroporous solid 

state networks, called either polyHIPEs or Si(HIPE) depending respectively on the organic or 

inorganic precursors chemical nature. The acronym HIPE stands for “High Internal Phase 

Emulsion”. Since the first patents describing the process by Unilever,
7,8

 divers emulsions can be 

employed: direct oil-in-water emulsions (o/w),
9
 reverse water-in-oil emulsions (w/o),

10,11
 non-

aqueous emulsion
12

 or, even, double emulsions.
3,13

 Considering the organic networks’ chemical 

nature, the range of materials has been expanded from the first materials consisted of styrene-

based materials. Today, organic polyHIPE can be obtained through divers polymers generated 

from free-radical processes like (meth)acrylated.
14,15

 Considering the inorganic HIPE 

counterparts, the range of emulsion-based materials has also been expanded from fully silica-

based materials
16

 to the generation of binary-oxide HIPEs systems (la elled MUB as “Materials 

of the University of Bordeaux) dedicated towards environmental applications.
17,18

 If on one hand, 

when addressing inorganic materials, silica is the most abundant oxide on earth minimizing 

thereby the costs of native porous oxide ceramics, on the other hand a special effort needs to be 
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performed when employing organic polymer precursors while reducing fossil-based raw 

materials. As such, a shift toward more bio-related polyHIPE materials is expected. 

In this context, the generation of a porous polyHIPE foams has been proposed while 

employing a waste of the paper milling industry, Kraft Black Liquor or KBL, being an alkaline 

aqueous suspension mainly composed of degraded lignin and hemicellulose.
19

 Under appropriate 

thermal treatment, these materials are known to produce carbon-based materials (carboHIPEs), 

constituted mainly of amorphous carbonaceous backbone associated with randomly dispersed 

graphitized domains.
20

 Porous carbon bearing high degree of graphitization are addressing 

electronic charge transport properties inducing direct application  in energy conversion,
21,22

 as 

well as electrode for supercapacitors.
22

 These carboHIPE can address also hydrogen storage 

where their intrinsic microporosity/small mesoporosity becomes here as the criteria of choice.
23

 

Over the last few decades, several carbon allotropic forms have been investigated as functional 

material for supercapacitor or hydrogen storages such as carbon nanotubes,
24,25

 or activated 

carbons.
25,26

 Nevertheless, to be industrially implementable, functional carbon-based-materials 

need of being both abundant and cheap. In this regard, KBL represents a carbonaceous 

precursor’s candidate of choice as being a widely available bio-based raw material addressing an 

annual production ranging from 500 million tons
27

 to 1.3 billion tons per year.
28

 For this 

particular reason, using KBL as a precursor source towards the generation of functional 

carbonaceous materials is of outmost interest. Recently a carbon arising from KBL decorated 

with Cu zero-valent nanoparticles (transitional metals carbo-reduction) has been employed 

towards carbon dioxide electrochemical reduction.
29

 Up to now versatile carbo(HIPE) offering 

simultaneously high surface area and good electronic transport properties was missing because 

high graphitization promotes undoubtedly low surface area and vice versa. A compromise 
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concerning the thermal treatment was missing still. As such, when considering the generation of 

bio-related carbo(HIPE), this compromise between high surface area and good electronic 

properties is proposed inhere. We first investigate the use of a home-made homogenizer device 

to emulsify a chlorinated hydrophobic phase into the alkaline hydrophilic KBL continuous 

phase. The resulting polyHIPE has been further investigated by SEM and Mercury Intrusion 

Porosimetry. Once carbonized, final washed KBL-based carbo(HIPE) leads to a highly porous 

carbonaceous self-standing material. After characterization at several length scales, the 

disordered carbonaceous foams revealed interesting specific area of 640 m².g
-1 

(1550 m².g
-1 

when 

remnant salts have been washed out). Therefore, the KBL-based carbo(HIPE) has been first 

tested toward hydrogen storage,  reaching 0.37 H2 wt.% at RT. Aside, the KBL-based 

carbo(HIPE) is offering an electronic conductivity of 30 S.m
-1

. Thereby its competence as 

supercapacitor electrodes device has also been tested and compared to the commercially 

available coconut shells-made Kuraray YP80F carbon. The KBL-based carbonaceous electrodes 

can deliver the same high capacities of 140 F/g at 1 A/g, while providing additionally ultra-stable 

returned remnant capacity of 120 F/g at 2A/g after 5,000 cycle numbers. 

Materials and methods 

Materials 

Kraft Black Liquor (with an average residual dry mass of around 45%) has been gifted 

kindly by Smurfit Kappa Cellulose du Pin (Biganos, France). (±)-Epichlorhydrin (purum, 

≥99%), Pluronic
®
 F-108, DCE: 1,2-dichloroethane (ACS reagent, ≥99.0%) and 

poly(tetrafluoroethylene) (PTFE; powder, >40 μm  article size) ha e  een su  lied  y Sigma-

Aldrich/Merck. Iso ro anol (≥98%, technical) and diethyl ether (≥99.7%) ha e  een  ro ided  y 
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VWR. Carbon black (acetylene, 100% compressed) has been purchased from Alfa Aesar. All 

reagents have been used without further purifications. As previously stated,
30

 the as-received 

Kraft black liquor comes as a viscous black liquid. Its major physico-chemical properties are the 

followings: dynamic viscosity µ= 7000 mPa s at 23 °C; pH = 14; density ρ = 1.3 g mL
-1

; dry 

matter amount ≈ 50 wt.%. Phenol group content and total hydroxyl group content of black liquor 

were determined according to be 0.5 mmol g
-1

 and 0.8 mmol g
-1

, respectively.
30

 

Preparation of the KBL phase 

Preparation can be found elsewhere
19,20,30

 and have been slightly optimized here. Briefly, a 

mixture of KBL (20 g) and Pluronic
®
 F-108 (0.9 g) have been gently mixed (100 rpm) together 

at room temperature until total dissolution of the non-ionic surfactant. Following this, 

epichlorhydrin (2.2 g) was added dropwise and mixed for 10 minutes. 

Emulsification process, drying and washing 

Direct emulsification has been obtained  using a laboratory-made homogenizer system 

composed of two polyethylene syringes (60 mL, internal diameter of 29.2 mm) connected using 

a small section Nylon tube (ID = 11 mm; OD = 4 mm; length = 15 mm), as seen in Figure 1A. 

The as-prepared continuous alkaline hydrophilic phase has been inserted into one of the syringe, 

while the internal phase, 1,2-dichloroethane (15 mL) has been added into the second syringe. 

The direct emulsion has been obtained by successive back and forth passages through the 

connecting tubing. The passage rate to generate the emulsion was settled at 10-round trip per 

minute and the emulsification time was settled at 80 minutes. After emulsification process, the 

emulsion was removed from the syringes and poured into a PTFE cylindrical mold (diameter of 

45 mm, height of 15 mm) pinched between two Teflon plates. The mold has been placed in an 
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oven (Thermo Scientific Heraeus Vacutherm VT6060) heated at 80°C for 24 h in order to allow 

epichlorhydrin to react with the lignin and hemicellulose. After crosslinking, the monolith was 

washed in a Soxhlet apparatus two days with isopropanol and one day with diethyl ether before 

being dried 2 days at 85 °C under vacuum. 

Carbonization step 

Approximately 200 mg of the native KBL-based monolith has been carbonized in a tubular 

alumina oven to obtain carboHIPEs, using a slightly adapted protocol from the literature.
20

 

Briefly, the sample has been degassed under an Argon flux (0.3 L.min
-1

) for 30 minutes, then, 

(still under the Ar flux) the temperature has been increased to 900 °C with a faster heating rate of 

5 °C.min
-1

 along with shorter plateaus at 300, 600 and 900 °C for 1 h each. Cooldown is 

governed by the oven inertia. Carbonized samples have been labelled carbo(HIPE). 

 

Hydrogen adsorption methodology 

Carbo(HIPE) have been directly used for hydrogen adsorption following a known 

methodology.
25

 Typically, 100 mg of materials have been placed into the sample holder of a 

manually controlled Sie erts’ apparatus. Prior to measurements, the apparatus has been degassed 

under vacuum for 5; 10 and 20 minutes, with filling with argon in-between. Then the sample 

have been degassed for 1 h at 300 °C to remove any adsorbed species. Then, the sample is placed 

back to room temperature (approximately 20 °C, temperature monitored by thermometers in the 

room and close to the sample holder) and was ready for the H2 adsorption measurements. 

Typically, the desired hydrogen pressure is pre-loaded. Then, the desired pressure is 

expanded into the sample holder chamber at room temperature. The measured pressure drops, 
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due to the gas expansion both in the chamber and in the sample. After reaching the 

thermodynamic equilibrium (i.e. no more pressure variations), supplemental 15 minutes are 

imposed to ensure the thermodynamic equilibrium. In order to evaluate the adsorption on a 

quantitative manner, the same experiment is performed using the same volume of a non-

adsorbing material (here, Fontainebleau sand). After each adsorption, the sample is degassed at 

room temperature. The experiment is performed for pressure of approximately 10; 20; 30 & 40 

bar. High purity hydrogen has been used for this experiment. 

 

Electrochemistry methods 

Spared samples from the hydrogenations experiments have been used for electrochemical 

characterizations. Prior any electrochemical testing carbonized KBL samples have been washed 

thoroughly in deionized water for 24 hours and then dried in a dryer at 80°C overnight. Those 

washed samples have been also characterized by nitrogen sorption and XRD. Moreover, 

electrical resistance measurement have been performed onto the dried sample.  

At the same time, an electrode was prepared by mixing in a mortar the (washed) active 

material with carbon black (Alfa Aesar) and polytetrafluoroethylene (PTFE) in a weight ratio of 

80/15/5. Once the mixture becomes self-supported, this latter is manually rolled to decrease its 

thickness and disks of 16 mm diameter are cut. Then, this electrode was pressed at 5 bars during 

one minute on a nickel foam. The mass loading of each electrode is fixed at 5 mg.cm
-2

. 

Electrochemical measurements were carried out at 25°C in a 3-electrode system with reference 

and counter electrodes being a Hg/HgO electrode (1M NaOH) and a platinum wire respectively. 

The electrolyte was an alkaline solution of 5M KOH. 

 



 9 

  



 10 

Instrumentation 

SEM have been performed on a Hitachi TM-1000 apparatus (Hitachi High-Technologies Corp., 

Tokyo, Japan). Sample has been coated with a thin Pt-metal layer prior to analysis. Photographs 

were taken at several different magnifications between × 500 and × 10,000. Pieces of polyHIPEs 

(section of about 0.5 cm²) were mounted on a carbon tab that ensured electronical conductivity. 

Sample’s macroporosity have been investigated by Mercury Intrusion Porosimetry (MIP) 

using an Autopore IV 9500 porosimeter (Micromeritics) with the following parameters: contact 

angle = 130°, Hg surface tension = 485 mN·m
−1

 and maximum intrusion pressure fixed at 124 

MPa. The determination of the pore size distributions porosity features was based on the 

Washburn equation between the applied pressure and the pore size into which mercury intruded. 

Raman spectra were recorded in backscattering geometry using a Labram HR (Horiba 

Group, France) micro spectrometer equipped with a confocal microscope. The experiments were 

carried out by exciting the samples at the 514.5 nm (2.41 eV) wavelength of an Ar ion laser. The 

s ectral resolution was equal to 6 cm−1 with a confocal hole aperture of 150 µm and a 600 

grooves/mm diffraction grating. The laser was focused on the sample by means of a 50× 

o jecti e (0.75 numerical a erture). The  eam  ower at the sam le was around 200 μW to a oid 

overheating effects due to laser irradiation. Spectra were recorded with an acquisition time of 60 

s and 4 accumulations. We proceeded to hand-made baseline corrections of the spectra by means 

of the LabSpec 5 software before deconvolutions. Deconvolutions has been performed using 

either a simple 2-points fits for the 500 – 2000 cm
-1

 (D & G) and a 4-points fit for the 2500 – 

3250 cm
-1

, corresponding to the S1-, S2-, S3- & S4-bands.
31

 

Specific surface area was determined by recording nitrogen sorption isotherms (77K) with 

a 3Flex gas sorption analyser (Micromeritics) after degassing the materials at 250°C under 
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vacuum. The specific surface areas were calculated using the Brunauer, Emmett, and Teller 

(BET) method from a limited range of pressure in the adsorption curves. 

X-ray diffraction has been performed for the carbon material and was recorded on a Philips 

PANalytical X’Pert Pro equi  ed with a co  er source (λKα1 = 0.1540 nm and λKα2 = 0.1544 

nm). The powder was recorded for about 2 h on the angular range 10–80 ° (2θ), with a 0.02 ° 

(2θ) ste  size and a 2.022 ° (2θ) acti e width in the detector. 

 

Results and discussions 

Materials preparation and characterization 

HIPE-based materials have been prepared using a laboratory-made emulsification system, 

where an example is provided with the Figure 1-A. After drying, a brown cylindrical self-

standing sample (Fig. 1-B) has been obtained. Crosslinking occurs by the chemical reaction 

between the alcohol moieties found in lignin and/or hemicellulose with the chlorine and oxirane 

functions of epichlorhydrin, creating thus glycerol bridges between oligomers.
30,32

 

 

 

Figure 1: Photography of A) the laboratory-made double-syringe emulsifier in use bearing a 

KBL/1,2-dichloroethane emulsion and B) a typical KBL poly(HIPE) monolith sample, ruler 

scale in centimeter. 
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The morphologies of the brown-greenish polyHIPEs sample have been first characterized 

at the macroscopic length scale both by SEM and Hg porosimetry. Figure 2-A shows 

representative pictures of the obtained samples. The materials depict open cellular structures, 

similar to Poly-(HIPE) foams. The double-syringe process leads to a porous materials bearing 

typical macroscopic voids characteristic of MIPE-based materials. Moreover, the polydispersity 

of the macroscopic voids seems to be qualitatively narrow (Fig. 2-C & -E). More quantitatively, 

the connecting windows between macroscopic cells are well represented through a Gaussian-

type distribution, centred on 0.4 µm. (Figure 2-G). Beyond windows diameters distribution, MIP 

quantified the KBL poly(HIPE) with a 60 % porosity along with an apparent skeletal density of 

1.34 g.mL
-1

. 
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Figure 2: A) & B) Photographs of the samples (ruler in centimeter); C) & D) SEM pictures at 

lower and E) & F) higher magnification; G) & H) Mercury Intrusion Porosimetry of the KBL 

and carbo(HIPE) monoliths, respectively. We aim at emphasizing that mercury porosimetry 
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quantify the geometry that retrained the Hg infiltration this is to say the diameters of cells’ 

connecting windows and not the cell themselves. 

 

Pristine carbonized sample characterization 

KBL samples have been carbonized through an updated protocol to generate carbo(HIPE) 

monoliths (Figure 2-B). Compared to previously reported protocole,
20

 the carbonization time 

scale has been reduced with shorter temperature plateaus (1 h versus 4 h at 300 °C & 2 h at 700 

and 900 °C, respectively) as well as a higher heating rate (5 °C.min
-1

 vs. 1 °C min
-1

). 

Diminishing the carbonization time scale promotes overall similar material which can be 

described still at the microscopic length scale as “disordered carbon”, when characterized trough 

Raman spectroscopy (Fig. 3-A). Indeed, two main bands can be observed in the 1000-1750 cm
−1

 

region. First, a band centred at 1337 cm
−1

 that corresponds to disordered sp
2
 carbon,

33
 so-called 

D-band. Then, another band centred at 1584 cm
−1

 is observed which corresponds to two 

dimensional in-plane motion of strongly coupled sp
2
 carbons (i.e. E2g symmetry) in the 

honeycomb network of graphite lattice, so-called G-band. The D-band width is larger than the 

one obtained with the previous, longer protocol (273 cm
-1

 versus 225 previously) while the G-

band width is smaller (here 106 cm
-1

 vs. 125 previously).
20

 These differences witness that more 

microscopic defects are present in this new set of materials while few graphitic domains are 

remaining still. Concerning the disorder parameter, ID/(ID+IG), with ID the intensity of the D-band 

and IG the intensity of the G-band respectively, appears slightly lower to the one obtained 

previously (48,9 % here while 50,9 % previously reported), 
20

 indicating a slightly higher 

disordered material. Another region in the spectrum to be considered is the 2500-3250 cm
−1

 

wavelengths, where the S1-, S2-, S3- & S4-bands (at c.2500; 2660; 2900 & 3180 cm
-1

, 
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respectively) are present.
31

 These vibration modes are not well pronounced nor shaped, which 

corroborates a highly disordered material obtained while enhancing the graphitization kinetic. 

XRD diffractograms (Figure 3-C) demonstrates the presence of high amount of salts (NaCl, 

especially but also Na2CO3 and Na2SO3) within the amorphous carbon materials, as reported in 

the literature for such carbon precursors.
34

 Indeed, these alkaline salts are originally presents in 

the KBL suspension. In first hand, their presence in the polymeric matrix can enhance the 

properties of the carbonized materials, as NaCl and sodium carbonate are known to promote 

graphitization of biomass-based carbon materials during pyrolysis.
35,36

 On the other hand , the 

salt remaining presence can disrupt reaching high specific surface area as addressing intrinsic 

higher apparent and skeleton densities (specific surface are being expressed in m
2
/g) and locking 

accessibility towards the micro- and mesoscopic voids. Nitrogen adsorption has been performed 

on this material (Fig. 3-E). A physical artefact during desorption occurred (around p/p° = 0.5), 

due to adsorbed nitrogen condensation within the carbonaceous materials microporosity. Indeed, 

this artefact is typical of activated carbon,
37

 giving the isotherm this specific profile found 

elsewhere in the literature specifically for carbonaceous materials containing micropores.
20,38

 

Thereby the observed hysteresis loop between the adsorption and desorption curves cannot be 

interpreted solely with a presence of mesoporosity. The specific area obtained for such 

carbonized materials is 640 m².g
-1

, for a volume fraction of the dispersed phase established as 60 

%. Compared with similar material, bearing volume fraction of 54 % or 64 %, the present 

specific area is higher, as obtained surface area were found around 500 m².g
-1

 (respectively 467 

and 504 m².g
-1

).
20

 Moreover, DFT calculations extrapolated from the nitrogen sorption curves 

indicate the presence of micropores (i.e. pores that does not excess 2.0 nm) or small mesopores 

(pores between 2.0 and 50 nm) with different peaks below 2 nm (Figure 3-B). The mesopores 
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offered by the carbo(HIPE) foam are small, falling at the upper limit of the micropores, being 

contained between 2.0 and 5.0 nm. Carbon materials exhibiting such microporous fixtures are 

special of interest for different applications, among them, hydrogen storage.
39
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Figure 3: Carbo(HIPE) characterization techniques A) Raman spectroscopy of a carbonized 

carbo(HIPE) sample (insert: close-up of the 2000-3500 cm
-1

 region); B) respective pore sizes 

distribution obtained through DFT analysis of the as-carbonized and washed carbo(HIPE) 

samples; XRD diffractograms of C) the as-carbonized (with ✦ = sodium chloride, ⋆ = sodium 

carbonate and ⊕ = sodium sulphite highlighted) (insert: close-up of the 20-50 2θ region) & D) 

of the washed sample, respectively; nitrogen adsorption and desorption profiles of the E) as-

carbonized carbo(HIPE) sample & F) of the washed sample, respectively 
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Washed samples specific characterization 

As carbon-based materials arising from biomass are known to be used to prepare carbon-

based electrodes for supercapacitors,
40

 the KBL-based materials have been tested to such ends. 

Prior to any electrochemical experiments, the carbo(HIPE)monolith has been washed to remove 

any salts contained in the matrix, as they can interfere with the analysis (i.e. dissolving in the 

electrolyte during electrochemical tests). However, adding these steps requires newer 

characterizations, especially for the XRD and nitrogen adsorption. XRD diffractograms (Fig. 3-

D) exhibit no traces of the salts anymore, signifying the washing step efficiency, while the 

weight loss is estimate at 60 wt.%. Two broad diffraction peaks can be observed. The first one at 

2θ ranges o  15-25 is attributed to the (002) reflection of graphitic carbon. The weaker 

diffraction peak at 35-45 (2θ) is attri uted to the (101) crystal planes, corresponding to the a axis 

of the graphite structure.
41

 Both peaks broadness is indicating the existence of distorted graphite-

types units.
42

 

The carbonization also keeps the open cellular morphology of the porosity, albeit with 

larger pores in presence (Fig. 2-D & -F), but still an open porosity. This increase in pore size is 

confirmed by MIP with the Gaussian type curve centred toward 6 µm (Fig. 2-H). This shift 

toward higher porosities is mainly attributed to the loss of non-disrupted films between adjacent 

cells and eventually thinner Plateau borders.
20

 Additionally, the carbonization process, reveals a 

porosity between 10 nm towards 0.1 µm (i.e. including mesopores), feature not present before 

this step. MIP experiments also gives the carbo(HIPE) porosity, with a 71 % value, along with an 

apparent skeletal density of 0.67 g.mL
-1

. 
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Considering the nitrogen adsorption, the profile obtained is the same, as shown with 

Figure 3-F, depicting the physical artefact typical of carbon material presents as well. After 

analyses, the surface is measured to be 1550 m².g
-1

, more than twice of the initial material before 

washing and making it a strong contender for supercapacitor applications.
43

 Again, the DFT 

calculations allow to determine the pores distribution and reveal once more the presence of 

micropores (3-B). However, as with the specific area, the washing-step allows an increase in the 

pores volumes, implying the removal of the salts to gain new spaces. This new pores volume 

increases the presence of pores below 1 nm. 

 

Hydrogen adsorption of the carbonized material 

Following the bio-based carbonized sample preparation, one possible application toward 

hydrogen adsorption has been investigated. Carbon-based materials are widely known to adsorb 

hydrogen.
25

 Figure 4 demonstrates that at room temperature, the unwashed carbo(HIPE) material 

exhibit very low adsorption, less than a percent, with a linear profile. This poor adsorption 

property is not surprising as the critical temperature for adsorption is lower, at 33 K. Upon 

washing, as the specific area increases, the rate of adsorption increase ever more, with a 4-time 

higher rate of adsorption, akin to the difference in specific area. Upon doing this washing step, 

the maximum reached for hydrogen adsorption at 40 bar is up to 0.37 wt.%, better than 

commercially available NORIT activated carbons that adsorb only 0.25 wt.% at the same 

pressure.
44
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Figure 4: A) Carbo(HIPE) unwashed sample hydrogen adsorption isotherms and. B) 

carbo(HIPE) washed sample hydrogen adsorption isotherms. Experiments performed at a 

recorded room tem erature (≈ 20 °C). 

 

Electrochemical characterization of the washed samples 

At first, conductivity experiments have been performed using a laboratory-made 

resistivity experimental device. Conductivity is extracted from resistivity ( = 1/R * L/S) and is 

evaluated at 30 S.m
-1

. This value is better than carbon xerogels reported in the literature but 

lower than commercial carbon black, namely Vulcan XC-72R.
45

 The carbo(HIPE) monolith 

electrochemical properties were assessed under cyclic voltammetry and galvanostatic 

charges/discharges employing 5M KOH aqueous electrolyte. The carbon material 

voltammogram (Figure 5-A) exhibits a rectangular-like shape suggesting both a good electronic 

conductivity in the aqueous electrolyte and a capacitive behaviour.
46

 Moreover, the galvanostatic 

charge/discharge curves, illustrated on Figure 5-B, reveal no shape modification when the 

current density increases from 0.5 A/g to 10 A/g, where the typical triangular signature of 

capacitive materials remains. Besides, as shown on the figure 5-C, the evolution of the 

capacitance when the current density increases from 0.5 to 10 A/g (full charge in ~10s), clearly 
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demonstrates the high capacity retention, addressing a retention value higher than 70% (151 F/g 

at 0.5 A/g versus 111.2 F/g at 10 A/g). To complete the study, different electrode formulations 

were also tested and revealed that the carbo(HIPE) alone performs very well at moderate current 

densities, whereas the addition of carbon black in the electrode formulation (15 wt%) is needed 

to maintain excellent capacity retention at high current densities (10 A/g) (see Figure S1).  

 

Figure 5: Carbonaceous foams electrochemical investigations.  A) Cyclic voltammetry at 5 

mV/s in 5M KOH of carboHIPE, B) galvanostatic charge-discharge curves from 0.5 A/g to 10 

A/g in 5M KOH, C) Capacity retention at different rate and D) evolution of the capacity at 2 A/g 

upon long-term cycling. 
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Finally, except for the first twenty cycles with a capacitance drop of 10 F/g, the 

capacitance of the carbon material obtained from carbo(HIPE) remains stable over 5000 cycles at 

2 A/g, depicting a final capacity of 118 F/g, as illustrated in Fig. 5-D. In comparison, a 

commercial activated carbon from Kuraray YP80F, which derived from coconut fibers,
47

 has 

been tested in the same conditions, (see Fig. S2) and exhibits similar performance to the 

carbo(HIPE) electrode in KOH 5M. For instance, at 5 mV/s, the calculated capacitance for 

YP80F is 164.4 F/g and 144.8 F/g for the carbo(HIPE). These electrochemical results clearly 

demonstrate that it is possible to employ Kraft black liquor-based carbo(HIPE) electrodes toward 

electrical double-layer capacitors under outstanding remnant returned capacity while cycling. 

 

Conclusions 

A straightforward process is proposed, based on a laboratory-scaled homogenizer, for the 

preparation of emulsion arising from Kraft black liquor, a waste from the paper industry. This 

emulsification process can provide monomodal-like distribution of the emulsion’s droplets and 

also allows an easy control of the pore morphology. These polymerized materials have been 

successfully carbonized through an optimized protocol, being less time consuming. The 

carbonization provides a rather amorphous carbon material, as described by Raman 

spectroscopy; containing large amounts of salts, as described by XRD. Nevertheless, this 

unwashed carbo(HIPE) monolith has been used for H2 storage, reaching 0.09 wt.% adsorbed at 

its peak. As carbon arising from biomass-based materials are also currently used in 

supercapacitor, the carbo(HIPE) sample has been washed to remove residual salts, enhancing the 

specific area to 1550 m².g
-1

, and tested for such purpose. Under the washing treatment, Hydrogen 

adsorption is increased, reaching 0.37 wt.% at 40 bar. When employed as supercapacitor, its 
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capacitance reaches 145 F/g at 5 mV.s
-1 

(KOH electrolyte), performance being close to the 

coconut-based reference material one (Kuraray YP80F). Moreover carbo(HIPE) displays an 

excellent stability upon long-term cycling. The results obtained with carbo(HIPE) are matching a 

conventional carbon materials, rendering it an interesting candidate to develop abundant and low 

cost carbon-based materials to act as energy storage materials for both hydrogen storage and, 

especially, supercapacitors.  
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