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Excellent Specific Mechanical and Electrical Properties of 
Anisotropic Freeze-Cast Native and Carbonized Bacterial 
Cellulose-Alginate Foams

Kaiyan Qiu and Ulrike G. K. Wegst*

Native and carbonized freeze-cast bacterial cellulose-alginate (BC-ALG) foams 
possess an ice-templated honeycomb-like architecture with remarkable 
properties. Their unique pore morphology consists of two levels of porosity: 
20–50 µm diameter pores between, and 0.01–10 µm diameter pores within 
the cell-walls. The mechanical properties of the BC-ALG foams, a Young’s 
modulus of up to 646.2 ± 90.4 kPa and a compressive yield strength of up to 
37.1 ± 7.9 kPa, are high for their density and scale as predicted by the Gibson–
Ashby model for cellular materials. Carbonizing the BC-ALG foams in an inert 
atmosphere at 1000–1200 °C in a second processing step, both pore mor-
phology and mechanical properties of the BC-ALG remain well preserved with 
specific mechanical properties that are higher than those reported in the liter-
ature for similar foams. Also the electrical conductivity of the BC-ALG foams 
is high at 1.68 ± 0.04 S cm−1 at a density of only 0.055 g cm−3, and is found to 
increase with density as predicted, and as a function of the degree of carboni-
zation determined by both carbonization temperature and atmosphere. The 
property profile makes freeze-cast BC-ALG foams and their carbonized foams 
attractive for energy applications and as a sorbent.
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polymerization, high crystallinity (typi-
cally up to 70%), which results in an esti-
mated Young’s modulus of 114  GPa for a 
single BC nanofiber.[8] BC also possesses a 
high water-holding capacity, high thermal 
stability up to 260  °C, good biocompat-
ibility and excellent biodegradability.[1,9–12] 
Both the thickness and weight of the pel-
licles that the bacteria grow can be con-
trolled and depend on culture media type 
and concentration, bacteria seed liquid 
amount, and culture time.[1,2,4,5] The BC 
pellicle shape can be controlled by culture 
vessel shape, shaking speeds, etc. Because 
of their attractive material properties, BC-
based materials are explored, in research 
and commercially, for a broad range of 
applications including foods (nata-de-
coco),[1,13] high quality paper,[1] cosmetics 
and textiles,[4] artificial skin and blood 
vessels,[14,15] artificial bone and scaffold,[16] 
antimicrobial substrates,[1] as binding 
agent for fibers and other materials,[17] 

loud-speaker diaphragms,[1] and functional nanocomposites for 
high-strength materials,[2–4,7,18] as well as materials in optical 
and luminescent,[1,13] catalytic and proton conductive,[1] thermo-
responsive,[1] and separating[19] applications. However, at the 
time of the writing of this article, complex culture processes 
still pose obstacles to low-cost production at industrial scale and 
costs remain comparatively high for BC-based materials.

A processing technique that ideally lends itself for the man-
ufacture of BC-based foams, here using alginate (ALG) as a 
binder, for either direct application or further processing by 
carbonization, is freeze casting, the directional solidification 
of aqueous solutions or slurries, with which complex and well-
controlled pore structures can be achieved. Freeze casting is a 
two-step process: first an aqueous solution or slurry is direc-
tionally solidified, causing a phase separation to occur, because 
water freezes pure. In the second processing step, the ice phase 
is removed from the freeze-cast sample by sublimation.[20–29] 
The result is a scaffold or foams, whose microstructure is tem-
plated by the ice crystals during freezing.[20–29] Because the 
freezing conditions and through it the materials structure and 
properties can be carefully controlled, freeze casting offers an 
attractive and straightforward approach to the manufacture of 
hierarchically structured materials and foams for a variety of 
applications, particularly those that benefit from the two levels 
of porosity of the scaffolds: microscopic pores of 20–50  µm 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202105635.

1. Introduction

Bacterial cellulose (BC), produced by certain bacteria (usually 
Gluconacetobacter) in a fermentation process, is a sustainable 
nanofibrous biomaterial that has the same polysaccharide struc-
ture as plant-based cellulose.[1–7] BC is composed of nanofibers 
with diameters in the range of 40–70  nm and has many 
unique characteristics including high purity, a high degree of 
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diameter forming a honeycomb-like structure and 0.01–10 µm 
diameter pores within the cell walls.[20]

Carbonaceous foams have attracted a considerable research 
interest in recent years, because they combine exceptionally 
low densities and a high specific surface area with considerable 
stiffness and strength, and high electrical conductivity.[30–39] 
Applications for which they are thought to be particularly 
promising include electrodes and supercapacitors, sensors and 
actuators, and other electronic devices that benefit from high 
specific electrical properties.[30–39] One approach to manufac-
ture carbonaceous foams is to first freeze cast BC foams and 
then to carbonize them.

Reported in this contribution are the manufacture and prop-
erties of foams made by freeze casting, their structural charac-
terization by scanning electron microscopy (SEM) before and 
after carbonization, the quantification of the degree of carboni-
zation of the carbonized BC-ALG by Raman spectroscopy, their 
mechanical testing in compression, and the determination of 
their electrical properties using a four-point probe. Particularly, 
the mechanical and electrical properties were found to exceed 
those reported in the literature for BC-based materials of com-
parable density.

2. Results and Discussion

2.1. The Microstructure of Freeze-Cast BC-ALG Foams and  
Carbonized Freeze-Cast BC-ALG Foams

2.1.1. The Structure of BC Pellicles, Cryomilled BC Particles, Freeze-
Cast BC-ALG Foams and Carbonized Freeze-Cast BC-ALG Foams

A typical BC pellicle produced by Gluconacetobacter in static fer-
mentation is shown in Figure 1A. After cryomilling, the BC pel-
licle is broken into micrometer-scale BC particles with a typical 
diameter of 20–100 µm, such as the one shown in Figure 1B. The 
SEM micrograph of Figure 1C, which is a magnification of the area 
marked by the red square, shows that these BC particles retain 
a nanometer-scale pore structure after cryomilling. The mean 
diameter of the BC-nanofibers in the cryomilled pellicle particles 
was less than 100 nm and the pore diameters ranged from sev-
eral tens to several hundred nanometers. The cryomilled BC par-
ticles were used for the manufacture of the freeze-cast BC-ALG 
composite described in this study. Typical freeze-cast BC-ALG 
foams before (left) and after (right) carbonization are shown in 
Figure 1D. The density of freeze-cast BC-ALG foams is typically 

Figure 1. BC formation, freeze-cast BC-ALG foam, and carbonized freeze-cast BC-ALG foam. A) BC pellicle. B) SEM micrograph of freeze-dried BC parti-
cles obtained after cryomilling. C) SEM micrograph of nanometer-scale pore structure of the freeze-dried BC particles after cryomilling, a magnification 
of the area marked by the red square in (B). D) Freeze-cast BC-ALG foam (left) and carbonized freeze-cast BC-ALG foam (right).
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0.055  ± 0.002  g cm−3 (middle layer). After carbonization, the 
foam density of the middle layer decreases to 0.042–0.044 g cm−3  
(1000 and 1100 °C) and 0.052 ± 0.003 g cm−3 (1200 °C), because 
of the removal of side groups, elements other than carbon, and 
likely a small, unavoidable amount of oxidation. In addition to a 
considerable weight loss, carbonization also leads to a consider-
able (40%) shrinkage in both diameter and height, to about 60% 
of their original values. However, the shrinkage is not propor-
tional to increasing carbonization temperature, as indicated by 
the observed density changes.

Reported in the literature is that, even after up to 85% volume 
shrinkage, the density of freeze-dried BC decreases signifi-
cantly when carbonized,[30,34,37] and that, in fact, the weight loss 
effect dominates the size shrinkage effect and leads to consider-
ably lower densities, particularly, when carbonization occurs at 
high temperatures (in the range of 600–1450  °C).[30,34,37,40] How-
ever, in our case, the density values for foams carbonized at 
1200 °C remained similar to that before carbonization, which sug-
gests that shrinkage and weight loss occur to a comparable extent.

2.1.2. Porous Structure of Freeze-Cast BC-ALG Foams Before and 
After Carbonization

The SEM micrographs of Figures 2A–D show cross sections of 
a BC-ALG foam, before (A,B) and after (C,D) carbonization, cut 
perpendicular (A,C) and parallel (B,D) to the freezing direction. 
Figure  2A illustrates the geometry and size distribution of the 
micrometer-scale porosity; on average their lengths and widths 

are 24.1 ± 9.3 and 13.3 ± 3.1 µm, respectively, resulting in a pore 
aspect ratio of 1.8  ± 0.4. The high standard deviations indicate 
the large range in size and shape. Figure  2B reveals the web-
like structure of the cell wall material in the freeze-cast BC-ALG 
foams, by which the highly aligned pores are connected in the 
scaffold. The SEM micrograph further reveals how ALG binds 
and tightly connects the BC particles with each other. In addition 
to the ice-templated micrometer-scale porosity of the scaffolds, the 
BC-ALG cell wall material exhibits a pore size distribution from 
the nanometer to the micrometer scale, which we hypothesize, 
likely results from the original nanoporosity of the BC-pellicles 
and the porosity that forms when the fibers assemble into a fiber 
mat during freeze casting. As a result, freeze-cast BC-ALG foams 
possess a unique architecture. Figure  2C shows that the pore 
morphology of freeze-cast BC-ALG foam was maintained after 
carbonization, that the average pore lengths and widths decreased 
by about 33% to 16.0 ± 5.0 and 8.4 ± 2.8 µm, respectively, but that 
with a value of 1.9 ± 0.3 the pore aspect ratio remained almost the 
same. These linear shrinkage values explain the 40% shrinkage in 
diameter and length of the carbonized cell walls, respectively, so 
that after carbonization the freeze-cast BC-ALG foam possesses 
about 20–25% of its original volume.

2.2. Electrical Conductivity for Carbonized Freeze-Cast  
BC-ALG Foams

A comparison of the densities and electrical conductivities of 
freeze-cast BC-ALG foams carbonized at different temperatures 

Figure 2. Structures of freeze-cast BC-ALG foam and carbonized freeze-cast BC-ALG foam. A,B) SEM micrographs of cross sections cut perpendicular 
(A) and parallel (B) to the freezing direction in freeze-cast BC-ALG foam (W: width, L: length in Figure 2A for pore size measurement demonstration). 
C,D) SEM micrographs of cross sections cut perpendicular (C) and parallel (D) to the freezing direction in carbonized freeze-cast BC-ALG foam. The 
blue circles indicate the cross sections parallel to the freezing direction and the blue arrows indicate the freezing direction.
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reveals both an increase in density and degree of carbonization, 
and as a result, a significant increase in electrical conductivity. 
Samples carbonized at 1200  °C had with 1.68  ± 0.04 S cm−1  
more than twice the electrical conductivity of samples carbonized 
at 1000 °C (0.70 ± 0.02 S cm−1) and 1100 °C (0.71 ± 0.02 S cm−1),  
shown in Figure 3A. Exploring, whether carbonization at still 
higher temperatures would result in even higher electrical con-
ductivities, we found that samples carbonized at temperatures 
above 1200 °C not only lost their mechanical integrity, but also 
had a lower electrical conductivity.

The main reasons for the high electrical conductivity 
observed in the foams processed at 1200  °C is its density of 
0.052 ± 0.003 g cm−3  (middle layer), which is higher than that 
of foams carbonized at 1000 and 1100  °C, whose mean densi-
ties fall within the range of 0.044–0.046  g cm−3. The freeze-
cast BC-ALG foam carbonized at 1200  °C shrank more than 
others, resulting in a higher density. Additionally, the densi-
ties of top, middle, and bottom layers of samples carbonized 
at 1200 °C were found to differ with values of 0.049, 0.052, and 
0.055 g cm−3, respectively. This is because the shrinkage for top, 
middle, and bottom layers differ as shown in Figure 1D where 
the top part of the carbonized BC-ALG foam remains consider-
ably larger in volume than the bottom part.

Figure  3B shows that the relative electrical conductivity 
increases with increasing relative density in freeze-cast BC-ALG 
foams carbonized at 1000, 1100, and 1200 °C as predicted by the 

open cell foam model of Gibson and Ashby, assuming a similar 
degree of carbonization in all samples.[41–43]
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where σ is the electrical conductivity and ρ the density of the 
scaffold, σs is the electrical conductivity, and ρs the density of the 
solid, from which the scaffold is formed. Assuming an electrical 
conductivity of σs = 140 S cm−1 and a density of ρs = 2.25 g cm−3  
for the scaffold solid,[44–49] the mean values obtained for solid 
carbon films carbonized at 1200  °C perfectly fit the model as 
shown in Figure 3B. The fit of the value of σs = 140 S cm−1 indi-
cates that the degree of carbonization results in the presence of 
both amorphous carbon and graphitic carbon, but that amor-
phous carbon dominates.[44,50,51] In contrast, the average data 
points from the samples carbonized at 1000 and 1100  °C fall 
below the prediction.

The results suggest that a combination of higher mate-
rial density and degree of carbonization result in the higher 
electrical conductivity of freeze-cast BC-ALG foams carbon-
ized at higher temperatures. The Raman spectra for aerogels 
carbonized in the range of 1000–1200  °C shown in Figure  3C 
supports this. The spectra show the two peaks associated with 
sp2 (D- and G-band) hybridizations of carbon, where the D 

Figure 3. Electrical properties of carbonized freeze-cast BC-ALG foam. A) Correlation between electrical conductivity and carbonization temperatures 
for the carbonized freeze-cast BC-ALG foams; B) correlation between electrical conductivity and relative density for the carbonized freeze-cast BC-ALG 
foams processed at 1000 °C (ρ = 0.044 g cm−3), 1100 °C (ρ = 0.046 g cm−3), 1200 °C (ρ = 0.049 g cm−3 (top); ρ = 0.052 g cm−3 (middle); ρ = 0.055 g cm−3  
(bottom)) and a comparison with the Gibson–Ashby open cell model;[41–43] C) Raman spectra of the carbonized freeze-cast BC-ALG foams processed 
at different carbonization temperatures; D) Electrical conductivity comparison for carbonized freeze-cast BC-ALG foam and other carbonized BC-based 
aerogels/foams.
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and G bands correspond to disordered or polycrystalline and 
ordered or crystalline graphite, respectively; the intensity of 
the D peak at 1330 cm−1 decreases and that of the G peak at 
1590 cm−1 increases with increasing carbonization temperature. 
As a result, also the ratio of the intensities of the D band to 
the G band R = ID/IG decreases with increasing carbonization 
temperature, with a lower R value indicating both an increase 
in the degree of carbonization (graphitization) and structural 
order.[33] While the decrease in R value is small for freeze-cast 
BC-ALG foams, when the carbonization temperature increases 
from 1000 to 1100  °C, it is significant for a further increase 
in carbonization temperature to 1200  °C. Thus, the electrical 
conductivity of the carbonized freeze-cast BC-ALG foams can 
be tailored to an application by controlling their densities and 
degree of carbonization through the choice of material compo-
sition, carbonization condition, and temperature.

The electrical conductivity of the carbonized freeze-cast 
BC-ALG foam in the study was higher than that reported for 
carbonized BC-based foams in the literature. Typical literature 
values range from 0.20–0.41 S cm−1 with 0.25 S cm−1 for pyro-
lyzed BC (ρ = 0.01 g cm−3).[34,37,52] Figure 3D shows a compar-
ison of the electrical conductivity of our experimental values for 
freeze-cast BC-ALG foams carbonized at 1200 °C with literature 
values for BC-based foams carbonized at temperatures in the 
range of 900–1450 °C. Since the density of the latter materials 
is frequently not provided, we have to speculate. However, the 
freeze-cast BC-ALG foams outperform those described in the 
literature probably due to a higher density, different pore struc-
ture, and morphology, and a higher degree of carbonization 
achieved at 1200 °C. A comparison with carbonized plant-based 
nanocellulose or regenerated cellulose is difficult, because there 
is no literature on carbonized samples prepared purely from 
these, but only on composites with more conductive additives 
such as graphene oxide[53] or carbon nanotubes.[54] As a result, a 
fair comparison of their electrical conductivity with our carbon-
ized BC-ALG foams is not possible.

2.3. Mechanical Properties of Freeze-Cast BC-ALG Foams and 
Carbonized Freeze-Cast BC-ALG Foams

Compression tests were performed on the freeze-cast BC-ALG 
foams before and after carbonization, because compression 
is the dominating loading condition in most applications for 
which foams have shown promise.[27,28] Figure 4A shows typical 
cubic test samples with a side-length of 5 mm of the freeze-cast 
BC-ALG foam (left) and carbonized freeze-cast BC-ALG foam 
(right). The cubes were tested parallel and perpendicular to 
the freezing direction. To remove initial slack, the origin of the 
stress–strain curve was defined as the intersection between the 
tangent line of the initial elastic region. Young’s modulus, yield 
strength and toughness were determined from the corrected 
stress–strain curves, for which a typical example is shown in 
Figure  4B. Young’s modulus was determined from the slope 
of the initial elastic linear region, while the yield strength was 
determined from the point of intersection between the tan-
gent line to the elastic region and the tangent line of the pla-
teau or collapse region. Toughness was determined from the 
area under the stress–strain curve from 0% to 60% strain.[27,28] 

Figures 4C,D show typical stress–strain curves of the freeze-cast 
BC-ALG samples before and after carbonization for the three 
layers within the sample (top, middle, and bottom), tested par-
allel and perpendicular to the freezing direction, respectively. 
Figures  4C,D reveal that the bottom layers of the freeze-cast 
BC-ALG and the carbonized freeze-cast BC-ALG test samples 
have higher mechanical properties than the corresponding 
middle and top layers; this is because the density decreases 
from the bottom to the top layer. Figures 4C,D also show that 
the mechanical properties of the samples tested parallel to the 
freezing direction are typically 1.5–2.5 times higher than the 
same samples tested perpendicular to the freezing direction.

A detailed comparison of mechanical properties of freeze-
cast BC-ALG foams and carbonized freeze-cast BC-ALG foams 
is shown in Table  1. The data of Young’s modulus and yield 
strength can be expected to scale with the relative density 
according to the Gibson–Ashby model. Equations (2)–(5) state 
the correlations for honeycombs (stretch-dominated behavior) 
and foams (bending-dominated behavior), where Eh, Ef, and Es 
are the Young’s moduli, σh, σf, and σS are the yield strengths, 
and ρh, ρf, and ρs are the densities, of the honeycomb, the foam, 
and, respectively, and C1, C2, C3, C4 are constants[28,41,55–57]

ρ ρ( )= C /1E Eh S h s  (2)

σ σ ρ ρ( )= C /2h S h s  (3)

ρ ρ( )= C /3
2

E Ef S f s  (4)

σ σ ρ ρ( )= C /4
3/2

f S f s  (5)

The freeze-cast BC-ALG and carbonized BC-ALG foams of 
this study possess similar honeycomb-like structures and the 
corresponding compositions are known. Literature values for 
dried solid BC sheet properties have a wide range; we chose as 
typical material property values ρs = 1.50 g cm−3, Es = 320 MPa, 
and σs = 16730 kPa.[2,3,58,59] Similarly, we chose for solid carbon, 
the typical values of ρs = 2.25  g cm−3, Es  = 2.3  GPa, and  
σs = 31 MPa.[60] Using these, the experimental results of Table 1 
were compared to the Gibson–Ashby model and predictions.[3] 
Figures 4E,F show how the experimental data points for mod-
ulus (E) and strength (F) compare with the Gibson–Ashby 
model and correlation of relative Young’s modulus and relative 
density for both freeze-cast BC-ALG and carbonized BC-ALG 
foams, tested both parallel and perpendicular to the freezing 
direction.

Overall, the observed mechanical performance reflects 
the anisotropic structure of the material. Higher values are 
observed parallel to the freezing direction, due to the pref-
erential structural alignment in the foam caused during the 
freezing process; lower values are observed perpendicular to 
the freezing direction, which has a structure more akin to a 
foam than a honeycomb. All values fall underneath the hon-
eycomb and foam model lines, respectively, when assuming  
C = 1. The experimental values are lower than those for an ideal 
honeycomb structure, because the structures of both BC-ALG 
and carbonized BC-ALG foams are not perfect honeycombs 
or foam, but are slightly wavy and as a result misaligned with 
the loading direction; additionally, they have variations in their 
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local microstructure, both leading to lower mechanical proper-
ties.[41] Finally, our comparison with literature values neglects 
the differences that results from the specific cell wall material 
structure and properties Es and σs that are unique for each 
foam composition and processing condition.[27,28]

Carbonized freeze-cast BC-ALG foams show excellent com-
pressive mechanical properties in addition to their high elec-
trical conductivity. The bottom layer has an average Young’s 
modulus and yield strength of up to 633.1 and 37.7  kPa 
(0.055  g cm−3), respectively, thus values that are higher than 
those previously reported for carbonized BC foams. Stated 
in the literature are a compressive strength of 2.5  kPa at 80% 

strain (0.003–0.004 g cm−3)[37] and less than 10 kPa compressive 
strength at 80% strain (0.004–0.006  g cm−3).[30] The values are 
also higher than a recent report for carbonized BC-Poly(amic 
acid) foam, for which, unfortunately, no modulus and density 
values were provided, making a true comparison impossible,[61] 
since both density as well as the unique anisotropic structure for 
carbonized freeze-cast BC-ALG foams contribute to their higher 
mechanical properties. The comparatively higher mechanical 
properties for the carbonized freeze-cast BC-ALG foam of this 
study broaden their range of applications to include their use as 
supercapacitors,[61,63,64] electrodes for batteries,[34] conductors for 
LEDs,[37] or absorbents for the removal of organic solvents.[30,61,62]

Figure 4. Mechanical properties of freeze-cast BC-ALG foam and carbonized freeze-cast BC-ALG foam. A) Typical cubes prepared from freeze-cast 
BC-ALG foam (left) and carbonized freeze-cast BC-ALG foam (right) for mechanical testing. B) Typical stress–strain curve of a sample for determining 
Young’s modulus, yield strength and toughness. C) Typical stress–strain curves of freeze-cast BC-ALG cubic samples at top, middle, and bottom layers 
tested parallel and perpendicular to the freezing direction (FD). D) Typical stress–strain curves of carbonized freeze-cast BC-ALG cubic samples at 
top, middle and bottom layers tested parallel and perpendicular to the freezing direction (FD). E) Correlation of relative Young’s modulus and relative 
density for both freeze-cast BC-ALG and carbonized BC-ALG (CBC-ALG) foams and the corresponding Gibson–Ashby models for honeycombs and 
foams. F) Correlation of relative yield strength and relative density for both freeze-cast BC-ALG and carbonized BC-ALG (CBC-ALG) foams and the 
corresponding Gibson–Ashby models for honeycomb and foam.
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Listed in Table  1 are Young’s modulus and yield strength 
obtained in tests parallel to the freezing direction for the dif-
ferent BC-ALG foams. Interestingly, these values did not change 
significantly due to the carbonization, while both the Young’s 
modulus and yield strength perpendicular to the freezing 
direction increased significantly for the carbonized freeze-cast 
BC-ALG foams, even though the carbonized BC-ALG foams 
have densities very similar to their corresponding freeze-cast 
BC-ALG foams.

3. Conclusions

BC-ALG foams were manufactured by freeze casting and their 
structural, mechanical, and electrical properties tested and 
compared before and after carbonization at temperatures from 
1000 to 1200 °C. Both foams possess unique architectures with 
porosities at the micrometer and nanometer scales, low densi-
ties, and high specific mechanical properties. When carbon-
ized, the freeze-cast BC-ALG foams additionally possess a high 
electrical conductivity, while maintaining their hierarchical pore 
structure, low density, and high specific mechanical properties. 
When it comes to applications, the freeze-cast BC-ALG foams 
are suitable as scaffolds for tissue regeneration with a structure, 
shape, and properties that can be tailored for a specific applica-
tion. When carbonized, BC-ALG foams additionally have attrac-
tive electrical conductivities that can be tailored for a given 
application through composition and processing conditions 
to obtain the desired degree of carbonization. The mechan-
ical and electrical properties of the two foam types match 
those predicted by the Gibson–Ashby models. The structural, 
mechanical, and electrical properties observed in our native and 
carbonized BC-ALG foams are superior to those reported in the 

literature for similar density. Based on the successful applica-
tion of materials with a similar property profile as absorbents 
for the removal of organic solvents,[30,61,62] and as electrodes and 
supercapacitors,[34,61,63,64] further exploration of BC-ALG-based 
foams for these applications appears to be of merit.

4. Experimental Section
Materials: d-Mannitol (white to off-white powder), tryptone (product 

of New Zealand), yeast extract (molecular genetics powder), and agar 
(product of Morocco) were obtained from Fisher Scientific (Waltham, 
MA). Sodium alginate (from brown algae) was purchased from Sigma-
Aldrich (St. Louis, MO) with a mannuronic acid/guluronic acid ratio 
of 0.92.[65,66] All chemicals were used as received and without further 
purification. Gluconacetobacter hansenii (ATCC 23769) was obtained from 
the American Type Culture Collection (ATCC, Manassas, VA) for bacterial 
cellulose culture.

Preparation of BC Pellicles: Gluconacetobacter hansenii, ATCC 23769, 
was used as the model strain and maintained on agar plates containing 
25 g L−1 d-mannitol, 5 g L−1 yeast extract, 5 g L−1 tryptone, and 20 g L−1 
agar. The mannitol culture medium used for BC production consisted of 
25 g L−1 d-mannitol, 5 g L−1 yeast extract, and 5 g L−1 tryptone.[1–6] The 
strain from the agar plate was inoculated into a conical flask containing 
mannitol culture medium as the seed culture. The initial pH value of the 
medium was adjusted to 5.0 and was not regulated during the culture. 
The seed culture was incubated at 30 °C and 130 rpm on a rotary shaker 
for 2 days, and 6 mL of this seed culture was inoculated into a 100 mL 
culture medium in 600 mL conical flask for the production of BC. The 
cultivation was carried out starting at pH 5.0 and 30  °C in a static 
incubator for 10 days. After incubation, the BC pellicles produced on the 
surface of the mannitol culture medium were harvested and washed first 
with a 1% (w/v) aqueous NaOH at 90 °C for 15 min, then with deionized 
water to remove all microbial product contaminants and obtain purified 
pellicles.[1–6]

Preparation of BC Particles and BC-ALG Mixed Slurries: To prepare 
BC slurries for freeze casting, the BC pellicles were broken down into 
particles with a cryomill (Retsch, Model 2013, Haan, Germany) using 
a precooling step at 5  Hz for 20  min and a cryomilling step at 30  Hz 
for 30  min. The whole procedure was carried out at liquid nitrogen 
temperature (−196 °C). The resulting BC particles retained BC’s unique 
network structure with nanometer-scale pores. After cryomilling, the BC 
particles were mixed with the binder sodium alginate solution (4.8 wt%) 
in a shear mixer (SpeedMixer DAC 150 FVZ-K, FlackTek Inc, Landrum, 
SC) at 3000 rpm for 2 min, to form homogenous BC-ALG mixed slurries 
(5.0 wt% BC and 0.9 wt% sodium alginate in the slurries) prior to freeze 
casting.

Preparation of Freeze-Cast BC Foams by Freeze Casting: To prepare 
foams, the BC-sodium alginate slurries were freeze-cast with a cooling 
rate of 10 °C min−1 applied from 2 to −150 °C in a custom-made freeze-
casting system. Once the BC-ALG samples were fully frozen, they 
were removed from the mold with an arbor press and lyophilized in a 
FreeZone 4.5 L lyophilizer (Labconco, Kansas City, MS) for 3 days to 
obtain BC foams.

Carbonization of Freeze-Cast BC-ALG Foams: For carbonization, 
the freeze-cast BC-ALG foams were placed in cylindrical graphite 
boats of 50.8  mm length, and inner and outer diameters of 25.4 
and 38.1  mm, respectively. The graphite boats were closed with 
a graphite lid, and placed in a vacuum furnace (ABAR 90, ABAR 
Corporation, Kleve, Germany). After evacuating the furnace chamber 
to 5–10  mmHg (0.7–1.3  kPa), it was heated at 3  °C min−1 to 400  °C 
and held at this temperature for 2 h to remove moisture and volatile 
materials from the samples. While at 400  °C, the furnace chamber 
was three times purged and back-filled with Argon until the chamber 
pressure reached 3 psig (20  kPa) to protect the foams and graphite 
boats from oxidation during the following carbonization process. For 
carbonization, the foams were heated at a rate of 10  °C min−1 from 

Table 1. Comparison of mechanical properties of native freeze-cast 
BC-ALG foams and carbonized freeze-cast BC-ALG foams.

Composition Direction of 
testing with 
respect to 
freezing  
direction

Density  
[g cm−3]

Young’s  
Modulus  

[kPa]

Yield 
Strength  

[kPa]

Toughness 
[kJ m−3]

Native freeze-cast BC-ALG foams

Top layer ‖ 0.052 475.9 ± 48.3 27.3 ± 0.9 24.2 ± 2.1

⊥ 196.0 ± 23.9 12.3 ± 0.2 18.6 ± 0.1

Middle layer ‖ 0.055 574.3 ± 49.5 27.8 ± 0.4 30.7 ± 0.8

⊥ 234.6 ± 9.9 13.2 ± 1.2 22.8 ± 0.5

Bottom layer ‖ 0.057 646.2 ± 90.4 37.1 ± 7.9 42.2 ± 1.9

⊥ 268.0 ± 27.9 15.0 ± 0.8 25.2 ± 0.4

Carbonized freeze-cast BC-ALG foams

Top layer ‖ 0.049 372.6 ± 26.1 21.2 ± 0.7 17.0 ± 1.4

⊥ 332.3 ± 41.8 20.1 ± 1.7 12.3 ± 4.1

Middle layer ‖ 0.052g 594.7 ± 2.8 33.9 ± 5.9 19.8 ± 1.4

⊥ 394.5 ± 10.1 27.1 ± 3.7 16.7 ± 2.9

Bottom layer ‖ 0.055g 633.1 ± 44.8 37.7 ± 2.8 26.0 ± 5.1

⊥ 506.5 ± 12.6 36.5 ± 2.2 29.6 ± 3.5
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400  °C to the respective carbonization temperature of 1000, 1100, or 
1200 °C, held at the carbonization temperature for 1 h, and cooled to RT  
at 10 °C min−1.

Structural Characterization: In order to obtain freeze-cast foams with 
undisturbed cross sections for structural characterization, the freeze-
cast BC-ALG cylinders were first cut parallel and perpendicular to the 
freezing direction, in the frozen state using a Japanese “Kugihiki” flush 
cutting hand saw. Samples for imaging were taken from the center of 
the sample at a height of 17.5 mm measured from the sample bottom. 
In a second sample preparation step, the saw-cut cross-sections 
were smoothed with a microtome (Delaware Diamond Knives, Inc. 
Wilmington, DE) in a −10 °C cold room. Once microtomed, the samples 
were freeze dried for 3 days in a FreeZone 4.5 L lyophilizer. A few of these 
freeze-cast BC-ALG foams with smooth cross sections were carbonized 
as detailed in the section on “Carbonization of Freeze-Cast BC-ALG 
Foams” above. Both the freeze-cast BC-ALG foams and the carbonized 
BC-ALG foams were sputtered with a 10  nm thick carbon conductive 
layer (Hummer 6.2 sputtering system, Anatech Inc., Union City, CA) 
for observation with a scanning electron microscope (SEM, FEI XL-30 
FEG ESEM, Hillsboro, OR) at accelerating voltages of 2 to 5 kV. Mean 
values and standard deviations for the pore length, width and their 
aspect ratios were determined on SEM micrographs of cross sections 
cut perpendicular to the freezing direction using ImageJ (ImageJ, U.S. 
National Institutes of Health, Bethesda, MD). Before analysis, the scale 
in ImageJ was calibrated to match the scale bar of the SEM micrographs. 
About 20–30 pores in SEM micrographs were accurately selected using 
the “threshold function” in ImageJ carefully adjusting the “threshold 
color” for measurement. Sets of measurements for pore length and 
width were obtained using the “straight function” in ImageJ on SEM 
micrographs of the cross sections cut perpendicular to the freezing 
direction for the freeze-cast BC-ALG foam and the carbonized freeze-cast 
BC-ALG foam, respectively.

Electrical Conductivity Characterization: The electrical conductivity, σ, 
of the carbonized BC-ALG foams was determined with a standard four-
point probe (Signatone, Model S-301-4, Gilroy, CA) on 5–6  mm thick 
layers cut from the carbonized freeze-cast BC-ALG foam scaffolds. The 
5  mm thick layers were cut centering them at three standard heights: 
5  mm (bottom), 10.5  mm (middle), and 16  mm (top), thus layers 
extending from 2.5–7.5  mm, 8–13  mm, and 13.5–18.5  mm measured 
from the sample bottom surface at which freezing had started. Each of 
the four probes had a tip radius of 254 µm (0.01 in) and a probe center 
spacing of 1.27  mm (50 mil). To measure the electrical conductivity of 
the sample, a defined current was passed through the two outer probes 
and the voltage measure between the inner probes.[67] Because the 
sample thickness was greater than half the probe spacing, Equation (6) 
was used to calculate the electrical conductivity of the material to correct 
for geometrical effects that resulted from the fact that the samples were 
neither a bulk nor a sheet sample (thickness is less than half the probe 
spacing)[68]

ln
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sinh
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U

t
s
t
s

t
σ π

( )
( )

=

















 (6)

where t is the thickness, s is the probe spacing (50 mil = 1.27 mm), U is 
the voltage across the inner probe, I is the current in outer probes, and ρ 
and σ are resistivity and electrical conductivity, respectively.

Raman Spectroscopy: To determine the degree of carbonization, the 
Raman spectra for the carbonized freeze-cast BC-ALG foam samples 
processed at different carbonization temperatures (1000, 1100, and 
1200  °C) were obtained with a confocal Raman microscope CRM 200 
(WITec GmbH, Ulm, Germany) and a 514.4  nm excitation wavelength 
laser source. For spectroscopy, the samples were placed on an x–y 
translation stage with 20  mm × 20  mm travel and a <1 µm  resolution 
and the wavenumber range for the spectra chosen as 800–2000 cm−1. 

To remove fluorescent backgrounds from Raman spectra, the baseline 
was subtracted from the raw data. In a second step, the intensity of 
the spectra was normalized for comparison. The D and G peaks of the 
Raman spectra were fit with Lorentzian curves using Origin (OriginLab 
Corporation, Northampton, MA). The R2 values were in the range of 
0.992–0.998.

Mechanical Characterization: Compression tests both parallel and 
perpendicular to the freezing direction were performed to determine 
the mechanical properties of freeze-cast BC-ALG foams before and 
after carbonization. For the freeze-cast BC-ALG foams, cubes with 
5 mm side length were cut at three standard heights from the samples, 
measured from the bottom of the sample with cube centers at 7 mm 
(bottom, 4.5–9.5 mm), 17.5 mm (middle, 15–20 mm), and 28 mm (top, 
25.5–30.5 mm) using a Well 4240 wire saw with a wire speed of 0.6 m s−1  
and a diamond-decorated steel wire diameter of 220  µm. Also for 
the corresponding carbonized BC-ALG foams, cubes with 5  mm side 
length were cut at three standard heights from the samples using a 
Well 4240 wire saw with the same wire speed. However, to take into 
account the shrinkage during carbonization, the heights were adjusted 
to cube centers at 4.5  mm (bottom, 2–7  mm), 10  mm (middle, 
7.5–12.5  mm), and 15.5  mm (top, 13–18  mm) measured from the 
sample bottom. After manufacturing and preparation of the samples, 
they were conditioned and tested at ambient environment in lab, at 
room temperature (about 22–24  °C) and lab relative humidity (about 
52–55%). The compression tests were conducted on an Instron 5948 
(Instron, Norwood, MA) with a 5 N load cell. The samples were tested 
both parallel and perpendicular to the freezing direction at a strain rate 
of 0.01 s−1, which corresponded to a crosshead speed of 0.05 mm s−1. 
Young’s modulus, yield strength, and toughness were obtained from 
compressive stress–strain curves.[27,28]
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