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The growing demand for high-performance porous carbon materials has stimulated the development of new preparation and 
modification techniques. Activated carbon (AC) is a representative porous carbon material and there is a need to improve its 
physicochemical properties, especially porosity, to upgrade and expand its areas of applications. To produce ACs, activation 
is a key process, because it governs the porosity. In this article, a simple method for producing ACs with a highly developed 
pore structure is introduced. The idea for “pressurized physical activation” came from an understanding of physical and 
chemical activation mechanisms based on a recognition of microdomains, which are a basic structural unit of artificial carbon 
materials. This new activation method produced ACs with a specific surface area larger than 2600 m2/g, which is difficult 
to achieve by conventional atmospheric pressure physical activation. Although chemical activation can produce ACs with a 
higher degree of pore development and activation yield, the new method is considered an option to provide a high degree of 
pore development at a relatively low-cost. Together with a high porosity, the material produced had a characteristic pore size 
distribution and a high bulk density. Because of these features, the superior potential of the material was demonstrated as a 
relatively-inexpensive and high-performance adsorbent in an  adsorption heat pump system using ethanol as the refrigerant.

KEYWORDS :	Activated carbon, Activation mechanism, Microdomain, Pore structure, Pressurized physical 
activation

1. Introduction

Porous carbon materials as represented by activated carbon (AC) 

are widely used in various application fields, such as gas purification/

separation/storage, water-treatment, solvent recovery, catalyst sup-

port, and electric double layer capacitor. The high performance and 

multifunctionality of the porous carbon materials stand on the highly 

developed pore structure with the huge specific surface area (SSA). 

To further extend the performance and exploit new application areas 

of porous carbon materials, therefore, the increase of degree of pore 

development based on a precise understanding of pore structure is 

indispensable.

Through observations using scanning electron microscope (SEM) 

and scanning tunneling microscope (STM), we have confirmed that 

most of artificial carbon materials including various ACs consist of 

a basic structural unit named “microdomain” [1–5]. On the basis of 

the recognition that the artificial carbon materials are an aggregate of 

microdomains, a new pore structure model of AC has been proposed 

as shown in Fig. 1 [2, 5].

Based on this microdomain pore structure model, in this account 

article, differences in the pore development mechanisms between 

physical and chemical activation processes for AC preparation are 

firstly discussed from a structural point of view [4]. The understand-

ing of mechanism of physical activation suggested an idea of a 

pressurized physical activation method. The effectiveness of pres-

surization in physical activation is then demonstrated as a simple 

production method of AC with a highly developed pore structure [6]. 

Finally, an applicability of the pressurized physical AC as an adsor-

bent in adsorption heat pump (AHP) is introduced [7].

2. Structural Elucidation of Physical and Chemical 
Activation Mechanisms Based  

on Microdomain Structure Model [4]

Activation is a key process to develop pore structure in carbonized 
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substances derived from various raw materials, and is classified into 

physical and chemical methods. A lower AC production cost is an 

advantage of physical activation, while chemical activation can pro-

vide AC with highly developed pore structure in high yield. Although 

many researches have been carried out to elucidate reasons of higher 

degree of pore development for chemical AC [8–10], differences in 

the pore development mechanisms between physical and chemical 

activation processes have not been well clarified, especially from a 

structural point of view. Therefore, differences in the structural mech-

anisms of these two activation processes was examined, based on the 

microdomain pore structure model.

As a starting material, a spherical carbon (C6) prepared by the 

carbonization of a spherical phenol resin (BEAPS series, ASAHI 

YUKIZAI CORPORATION, Japan) at 600 °C for 1 h in N2 was used. 

Relatively uniform particle size and shape of C6 allowed to discuss 

influences of the activation process on size and shape of carbon 

particles. For physical and chemical activations, steam and potas-

sium hydroxide (KOH) were used as activating agents, respectively. 

The prepared steam- and KOH-ACs were abbreviated as C6SX and 

C6KX, respectively, where X indicates the number of the first digit 

of the activation temperature, Ta: e.g. C6S8 was obtained by steam 

activation at Ta=800 °C.

Fig. 2 shows the relationship between weight loss (=100−acti-

vation yield [wt%]) and developed micropore volume from C6 by 

activation. Lower degree of pore development of steam-AC was ap-

parently observed as compared to KOH-AC. In detail, at Ta=700 °C, 

KOH activation induced larger weight loss than steam activation. 

Meanwhile, much large increase of micropore volume was found for 

C6K7 (1.21 cm3/g), whereas C6S7 showed a negligible increment 

(0.03 cm3/g). This indicates that the weight loss of about 20 wt% by 

steam activation at Ta=700 °C was mainly owing to a gasification of 

solid carbon without pore development, whilst KOH activation at the 

same activation temperature gave rise to an effective pore develop-

ment. At higher activation temperatures, degree of pore development 

increased by both steam and KOH activations. However, the increas-

ing ratio of micropore volume against weight loss was more apparent 

for KOH-AC than for steam-AC. Moreover, when KOH activation 

was carried out at Ta=900 °C, the micropore volume increased sharp-

ly without noticeable weight loss (4 wt% reduction). This is likely at-

tributed to different pore development mechanism, namely potassium 

intercalation mechanism, as previously reported [8, 11].

SEM and STM observations revealed that spherical shapes of 

carbon particles and microdomains of C6 were nearly unchanged by 

both steam and KOH activations. However, a distinct difference was 

found in size depending on the activation method. Fig. 3 summarizes 

changes of mean sizes for carbon particles and microdomains by two 

activation methods depending on Ta. Even at high Ta, and thus, at high 

degree of pore development, both particle and microdomain sizes of 

KOH-AC remained almost the same with those of the pristine C6. In 

contrast, steam-AC showed significant decreases in both particle and 

microdomain sizes with an increase of Ta.

Based on these findings, a schematic model of the structural mech-

anism of pore development during physical and chemical activation 

was proposed, as shown in Fig. 4. The STM observation revealed that 

each particle of C6 was an aggregate of a large number of nanometer-

size spherical microdomains. By KOH activation at Ta=700 °C, 

almost no size changes of particles and microdomains were induced. 

This indicates that, for C6K7, pores developed in the intra-micro-

domain region, giving rise to a largely increased micropore volume. 

Fig. 1 (Left) Scanning tunneling microscope image of activated carbon fiber and (center and right) new pore structure model of activated car-
bons based on recognition of microdomains [5].

Fig. 2 Relationship between weight loss and developed micropore 
volume of (blue square) steam- and (red circle) KOH-acti-
vated carbons prepared at different activation temperatures, 
Ta [4]. (Reprinted from Carbon, 114, 98–105. Copyright 
(2017), with permission from Elsevier.)
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On the other hand, steam activation at 700 °C did not induce the pore 

development, regardless of the weight loss of approximately 20 wt% 

and apparent decreases of particle and microdomain sizes. This sug-

gests that the oxidative reaction of steam progressed preferentially 

at the external surface of the carbon particles and microdomains, 

resulting in a gasification of their outer parts. An increase of Ta gave 

the micropore development also for steam-AC, although the pore 

developing efficiency was less than that for KOH-As. At Ta=900 °C, 

a widening of pore size was occurred presumably by the intercala-

tion mechanism for KOH-AC. In the case of steam-AC, however, the 

preferential gasification of microdomains located at the periphery of 

carbon particles progressed together with the pore development in the 

microdomains, resulting in the large weight loss and remarkable size-

reductions of particle and microdomains of C6S9.

In summary, KOH activation (chemical activation) induces a 

uniform pore development overall for all microdomains comprising 

carbon particles; however, in the case of steam activation (physical 

activation), pores are developed in remaining microdomains after the 

inhomogeneous gasification from the outer surface of carbon particles 

and their microdomains. These different pore development mecha-

nisms of physical and chemical activations cause differences in the 

degree of pore development and the activation yield.

3. Pressurized Physical Activation: A Simple 
Production Method for Activated Carbon with a 

Highly Developed Pore Structure [6]

As discussed in Section 2, lower activation yield and limited pore 

development of physically activated carbons are attributed to the in-

homogeneous gasification from the outer surface of carbon particles 

Fig. 3 Change of mean sizes of (circle) particles and (square) mi-
crodomains by steam and KOH activations depending on 
activation temperature, Ta. The solid (blue) and open (red) 
symbols denote steam- and KOH-activated carbons, respec-
tively [4]. (Reprinted from Carbon, 114, 98–105. Copyright 
(2017), with permission from Elsevier.)

Fig. 4 Structural mechanism model of pore development for steam- and KOH-activated carbons [4]. (Reprinted from Carbon, 114, 98–105. 
Copyright (2017), with permission from Elsevier.)

Vol. 4 No. 2 2025
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and microdomains. On the hypothesis that insufficient diffusivity of 

activating agent (activating gas molecules) into core parts of carbon 

particles and their microdomains causes the inhomogeneous reaction, 

in other words, conventional physical activation at atmospheric pres-

sure is diffusion-limited reaction, we tried to pressurize the activating 

gas for improving the diffusivity, and then, for leading more uniform 

activation reaction. Previously, we have reported that pressurization 

improved diffusivity of oxygen gas in pitch fibers, giving rise to the 

homogeneous stabilization effect [12]. In this study, therefore, the ef-

fectiveness of pressurization in physical activation was examined to 

establish a simple production method of AC with a highly developed 

pore structure.

The starting material of spherical carbon (C6) was prepared in 

the same way as the previous section. C6 was physically activated 

at 700 °C–900 °C using pure CO2 as an activation gas at an absolute 

pressure of 0.1 or 1.0 MPa for the desired time. The obtained ACs 

were designated as PXTYmZ, where X, Y, and Z are the activation 

pressure [MPa], temperature [°C], and holding time at 900 °C [min], 

if any, respectively: e.g. P0.1T900m5 is AC prepared at 0.1 MPa and 

900 °C with 5-min holding.

Fig. 5 shows a relationship between activation yield and SSA of 

ACs prepared by atmospheric pressure and pressurized physical 

activations using CO2 as activating gas. Here, the ordinate is SSA 

per weight of prepared AC. A difference between conventional atmo-

spheric pressure physical activation (0.1 MPa) and pressurized physi-

cal activation (1.0 MPa) was apparently observed. At a similar yield, 

the pressurized physical AC (pressurized-AC) showed higher SSA 

than the atmospheric pressure physical AC (atmospheric-AC), indi-

cating the effectiveness of pressurization for pore development. Of 

note, pressurized physical activation afforded to obtain AC with SSA 

of 2630 m2/g; such high value is difficult to achieve by conventional 

atmospheric pressure physical activation.

To discuss how effectively the gasification of solid carbon surely 

contributed to the pore development, changes of SSA on a starting 

material (char: C6) weight basis depending on activation yield are 

shown in Fig. 6. The char-weight-basis SSA values of pressurized-

AC increased up to 40 wt% of activation yield, whilst those of 

atmospheric-AC started to decrease above 60 wt% of activation yield. 

This indicates that pressurization can suppress the unwanted gasifica-

tion of solid carbon, giving rise to more efficient pore development 

for pressurized physical activation as compared with conventional 

atmospheric pressure physical activation.

Fig. 5 Relationship of activation yield to specific surface area on 
activated carbon weight basis for activated carbons prepared 
by (black circle) atmospheric pressure and (red square) pres-
surized physical activation methods with CO2 as an activat-
ing agent. The result of the starting carbonized material (C6; 
open triangle) is shown for comparison [13].

Fig. 6 Relationship of activation yield to specific surface area on 
char weight basis for activated carbons prepared by (black 
circle) atmospheric and (red square) pressurized physical 
activation methods with CO2 as an activating agent. The re-
sult of the starting carbonized material (C6; open triangle) is 
shown for comparison [13].

Fig. 7 Relationships of activation yield to porosity for activated 
carbons prepared by (black circle) atmospheric pressure and 
(red square) pressurized physical activation methods. The 
result of the starting carbonized material (C6; open triangle) 
is shown for comparison [13].
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Effectiveness of pressurization on pore development was further 

confirmed from porosity as shown in Fig. 7. Here porosity was calcu-

lated as porosity [cm3/cm3]=total pore volume [cm3/g]×bulk density 

[g/cm3]. From the porosity values of AC with about 12–13 wt% of 

activation yield, approximately one third of vessel volume was con-

sidered to correspond to the developed pores for atmospheric-AC, 

whereas almost half of vessel volume was attributed to the developed 

pores for pressurized-AC.

Pressurization provided not only a remarkable increase of the de-

gree of pore development, but also a characteristic pore size distribu-

tion (Fig. 8). Conventional atmospheric pressure physical activation 

using CO2 as an activating gas predominantly developed narrow mi-

cropores less than 1.0 nm of pore width. In contrast, CO2 activation 

at 1.0 MPa gave the development of wider micropores; especially, 

P1T900m5 showed a characteristic pore size distribution with a peak 

pore width of about 1.6 nm.

Fig. 9 shows relationships between activation yield and mean par-

ticle size estimated from SEM images for atmospheric- and pressur-

ized-ACs. Although mean particle size of atmospheric-AC decreased 

with decreasing activation yield (increasing weight loss), no change 

was found for pressurized-AC, indicating that pressurization allowed 

the uniform pore development, at least at the particle level. On the 

other hand, STM observation revealed that mean microdomain sizes 

of P1T900m5 and P0.1T900m90, which showed similar activation 

yields, were 5.0 and 6.1 nm, respectively. Therefore, from the STM 

results, pressurization was considered not effective to improve a dif-

fusivity of activating gas (CO2) into microdomains.

A schematic model of the difference in pore development of the 

atmospheric pressure physical, pressurized physical, and chemical ac-

tivation methods was proposed based on the microdomain pore struc-

ture model (Fig. 10). In the case of chemical activation, a sufficient 

diffusivity of the activating agent in both carbon particles and micro-

domains allowed uniform reaction of the activating agents with each 

microdomain in the carbon particle. Therefore, intra-microdomain 

pores were well developed, giving rise to a high degree of pore de-

velopment and activation yield for chemical-AC. On the other hand, 

low diffusivity of activating gas in conventional atmospheric pressure 

physical activation caused local gasification reactions at the outer sur-

faces of carbon particles and microdomains, resulting in low degree 

of pore development and activation yield. In contrast, observations of 

particles and microdomains revealed that pressurization improved the 

diffusivity of activating gas in carbon particles, but not in their micro-

Fig. 8 Pore size distributions of (a) atmospheric pressure and (b) 
pressurized physically activated carbons. (Black circle) 
P0.1T700 or P1T700; (red square) P0.1T800 or P1T800; 
(blue rhombus) P0.1T900 or P1T900; (pink triangle) 
P0.1T900m5 or P1T900m5; (orange inverted triangle) 
P0.1T900m15; and (brown star) P0.1T900m90. Inset in 
(a): The results of the starting carbonized material (C6) are 
shown for comparison [6]. (Reprinted from Carbon, 183, 
735–742. Copyright (2021), with permission from Elsevier.)

Fig. 9 Relationships between mean particle size and activation 
yield for (black circle) atmospheric pressure and (red square) 
pressurized physical activations [6]. (Reprinted from Car-
bon, 183, 735–742. Copyright (2021), with permission from 
Elsevier.)

Vol. 4 No. 2 2025
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domains. That is, the remarkable increases in SSA and total pore vol-

ume for pressurized-AC was very possibly due to the development of 

not only intra-microdomain pores for most of microdomains consist-

ing of carbon particles, but also inter-microdomain pores. Therefore, 

the pressurized physical activation method can provide a high degree 

of pore development, between chemical and atmospheric pressure 

physical activation methods.

4. Applicability of Pressurized Physically  
Activated Carbon as an Adsorbent  

in Adsorption Heat Pumps [7]

Among various heat pump systems, adsorption heat pump (AHP) 

has advantages, such as low power consumption, minimal vibra-

tion and noise, operable by solar heat or industrial low-temperature 

waste heat. For the widespread usage, however, a downsizing of 

AHP devices is indispensable. Existing commercial AHP systems 

use synthetic zeolite and water as an adsorbent and a refrigerant, 

respectively. As an alternative promising pair with larger adsorption 

capacity, AC-ethanol receives attentions [14–17]. For example, we 

have reported that slit-shaped carbon micropores of 1.6 nm in width 

showed the remarkable effective adsorption amount of ethanol under 

a condition of 10 °C/30 °C/80 °C for cooling water/surrounding envi-

ronment/regeneration temperatures, respectively [18].

As introduced in Section 3, pressurized-AC showed not only a 

high degree of pore development, but also a characteristic pore size 

distribution with a peak for a pore width of approximately 1.6 nm. 

In this section, therefore, the applicability of pressurized-AC as an 

adsorbent in AC-ethanol AHP system was examined.

In addition to atmospheric-AC (P0.1T900m90) and pressurized-

AC (P1T900m5) shown in Section 3, another AC was prepared  from 

a spherical carbon (C6) by chemical activation method at 900 °C 

using KOH as an activating agent. In this section, ACs prepared by 

atmospheric pressure physical activation, pressurized physical acti-

vation, and chemical activation are designated as PAC, PPAC, and 

CAC, respectively.

Pore size distributions of C6, PAC, PPAC, and CAC are shown 

in Fig. 11. Conventional atmospheric pressure physical activation 

using CO2 as an activating gas predominantly introduced narrow mi-

cropores (<1.0 nm), but CAC prepared by chemical activation using 

KOH as an activating agent possessed a large amount of mesopores. 

PPAC showed a bimodal pore size distribution in micropore region.

To assess the applicability in AHP systems with ethanol refriger-

ant, ethanol adsorption and desorption isotherms were measured for 

Fig. 10 Schematic diagram of differences in atmospheric pressure physical, pressurized physical, and chemical activation processes [6]. (Re-
printed from Carbon, 183, 735–742. Copyright (2021), with permission from Elsevier.)

Fig. 11 Pore size distributions for starting carbonized material 
and derived activated carbons. (circle) C6; (triangle) PAC; 
(square) PPAC; (diamond) CAC [7]. (Reproduced from Ref. 
7 with permission from the Royal Society of Chemistry.)
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C6 and each AC at 30 °C. Assuming the AHP operation temperatures 

as 10 °C/30 °C/80 °C for cooling water/surrounding environment/

regeneration, a difference of adsorption amounts at 0.1–0.3 of rela-

tive pressure (P/P0) of ethanol adsorption isotherm at 30 °C, which 

is called as effective adsorption amount, is a good index to estimate 

a performance as AHP adsorbent. Together with the saturated adsorp-

tion amounts calculated from a value at P/P0=0.95, the effective ad-

sorption amounts of each sample are tabulated in Table 1. C6 showed 

very low value of effective adsorption amount (10 mg/g). For PAC, 

the saturated adsorption amount of ethanol remarkably increased 

to 730 mg/g as compared with C6 (170 mg/g), whilst an increase 

of the effective adsorption amount was still limited (70 mg/g). This 

indicates that PAC is not suitable as an adsorbent for the ethanol 

AHP system, because mainly introduced pores by conventional at-

mospheric pressure physical activation were narrow micropores. On 

the other hand, PPAC showed a comparably large effective adsorp-

tion amount of ethanol (570 mg/g) with CAC (580 mg/g). The char-

acteristic pore size distribution of PPAC having a larger number of 

optimum pore size of 1.6 nm should provide the high ethanol uptake 

at P/P0=0.1–0.3, emphasizing an importance of pore size control for 

porous carbon materials.

In addition to the effective adsorption amount on a weight basis 

of adsorbent, the effective adsorption amount per unit volume is 

important, considering a downsizing of AHP devices. Fig. 12 shows 

adsorption and desorption isotherms of ethanol at 30 °C on an ad-

sorbent volume basis. The effective adsorption amounts of ethanol 

on a volume basis for C6 and the derived ACs are also shown in 

Table 1. Here, the volume-basis adsorption amounts were calculated 

from the ethanol adsorption amounts on a weight basis and the bulk 

density (C6: 0.84 g/cm3, PAC: 0.57 g/cm3, PPAC: 0.39 g/cm3, CAC: 

0.21 g/cm3). Although the effective adsorption amount on a volume 

basis for CAC remained 120 mg/cm3, PPAC showed a high value of 

220 mg/cm3. This is because PPAC possessed “effective” pores for 

an enlargement of effective adsorption amount of ethanol, but wide 

pores including mesopores of CAC were less effective.

In summary, a great potential of pressurized physically activated 

carbon was demonstrated as an adsorbent for AHP system with etha-

nol refrigerant.

5. Conclusion

As well as surface properties, porosity governs the performance of 

porous carbons including activated carbons. In this account article, 

pressurized physical activation based on microdomain pore structure 

model was introduced as a simple production method of activated 

carbon with a highly developed pore structure. Firstly, a difference 

of pore development mechanisms between physical and chemical 

activations was introduced based on microdomain pore structure 

model. Understanding of the mechanism proposed pressurized physi-

cal activation method, and the effectiveness of pressurization on pore 

development was experimentally confirmed. Finally, a superior volu-

metric adsorbability of ethanol of the pressurized physically activated 

carbon was demonstrated as compared with chemically activated 

carbon, showing the great potential as an adsorbent in adsorption heat 

pump system using ethanol as the refrigerant.

Demand of high-performance porous carbon materials is growing 

and growing. In addition to continuous efforts on the improvement 

of porosity, we developed a method to arbitrarily and selectively 

control the surface characteristic of porous carbon materials depend-

ing on the pore size by molecular masking [19]. Moreover, together 

with trials for the facile production and modification, we are trying to 

develop assessment techniques of physical properties including pore 

structure of porous carbon materials [20]. We hope that our compre-

hensive approach can contribute to further boost the performance and 

broaden the application fields of porous carbon materials including 

activated carbons.

Table 1 Saturated and effective ethanol adsorption amounts of start-
ing carbonized material and derived activated carbons [7]. 
(Reproduced from Ref. 7 with permission from the Royal 
Society of Chemistry.)

Sample
Saturated adsorption 
amount of ethanol 

[mg/g]

Effective adsorption amount of ethanol

On a weight basis 
[mg/g]

On a volume basis 
[mg/cm3]

C6 170 10 8
PAC 730 70 40
PPAC 1730 570 220
CAC 1630 580 120

Fig. 12 Ethanol adsorption and desorption isotherms on an adsor-
bent volume basis at 30 °C of starting carbonized material, 
and the derived activated carbons (circle: C6; triangle: PAC; 
square: PPAC; diamond: CAC) [7]. (Reproduced from Ref. 
7 with permission from the Royal Society of Chemistry.)

Vol. 4 No. 2 2025
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