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A B S T R A C T

We propose a novel method for synthesizing carbon molecular sieves (CMS) with enhanced performance for O2 
separation from air using flow-type electrochemical oxidation (F-ECO). The F-ECO process introduces oxygen- 
containing functional groups (OCFGs) at pore entrances of activated carbon (AC), creating an ultrathin layer 
that works as an energy barrier for improving O2 selectivity. The parameters for the F-ECO process were opti
mized using an experimental design method. The microstructure and surface species of the F-ECO-treated AC 
samples were characterized using X-ray photoelectron spectroscopy and gas adsorption measurements. The F- 
ECO treatment slightly reduced micropore volume but dramatically increased the O2 dynamic selection coeffi
cient of AC, indicating improved N2/O2 separation. The optimal F-ECO conditions produced a CMS with O2 
selectivity comparable to the CMS provided by conventional methods in industry, along with a faster O2 
adsorption rate while minimizing the decrease in effective O2 adsorbed amount. This performance was achieved 
by carefully controlling the surface oxidation proposed by the experimental design method based on Bayesian 
optimization. The results demonstrate the potential of this approach for developing energy-efficient O2 enrich
ment technologies.

1. Introduction

Reducing energy consumption is required to achieve a sustainable 
society on a global scale. Most combustion systems are operated under a 
21 % oxygen concentration restriction in the combustion air, regardless 
of the fuel type. Fuel consumption can be reduced by approximately 30 
% under oxygen-enriched air, increasing the oxygen concentration from 
21 % to 30 % [1]. Oxygen-enriched air also effectively improves the CO2 
concentration in flue gas [2,3]. Larbi et al. indicated that increasing the 
CO2 concentration reduces the regeneration energy and carbon recy
cling cost of flue gas. Fuels like carbon-neutral and biomass fuels often 
have low calorific values and variable properties, which can lead to 
unstable combustion [4]. Using oxygen-enriched air can help achieve 
stable combustion, even such fuels, and improve the efficiency of com
bustion equipment. Cryogenic air separation methods [5,6] and pressure 
swing adsorption (PSA) methods [7–11] have been widely used to 

produce large volumes of oxygen-enriched air. The cryogenic separation 
method consumes much energy to separate N2 and O2, requiring a high 
air pressure of about 0.5 MPa and a low air temperature of around 
− 200 ◦C. The PSA method produces highly concentrated oxygen (90–95 
%). However, the power consumption is large owing to the pressure loss 
at the adsorbent packing column and decompression regeneration. The 
energy-saving effects of the current processes are still low, and the 
combustion costs remain high to concentrate oxygen up to a few 10 % 
from the air. Thus, oxygen enrichment results in extra power con
sumption in the oxygen concentration process, making it difficult to save 
energy for the entire combustion system.

The thermal swing adsorption (TSA) method is expected to save 
energy by utilizing the heat exhausted during combustion [12,13]. Ox
ygen collected from air into the adsorbents below approximately 40 ◦C is 
released as oxygen-enriched air during the heating regeneration process. 
Zeolites with controlled pore sizes have been widely used as adsorbents 
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for gas separation at the TSA process [14,15]. Eriksson et al. reported 
that the TSA process produces oxygen-enriched air at the concentration 
of 30 % using zeolite as an adsorbent [16]. However, water in the air 
must be removed before the air passes through the zeolite adsorbent due 
to preferential water adsorption. Porous carbons have the potential to be 
used as oxygen adsorbents, unaffected by water, because they form 
lower hydrophilic surfaces than zeolites [17]. The micropores in porous 
carbons do not form ordered networks adjusting to O2 size, being 
different from zeolites where the gas separation can be achieved by the 
pore size control. Carbon molecular sieves (CMS) have been widely used 
as an adsorbent for the gas separation process [18–21]. The CMS 
kinetically recovers a target molecule from mixture gases by controlling 
the pore entrance size of porous carbons even if the molecular size dif
ference is less than 1 Å [22,23]. A typical technique for functionalizing 
the molecular sieving ability to porous carbons is chemical vapor 
deposition (CVD), in which amorphous carbon is deposited at the pore 
entrance to narrow the diameter of the entrance [24]. Yamane et al. 
indicated that the deposited carbon acts as an energy barrier for gas 
molecules to enter the pores and that this energy barrier enables CMS to 
kinetically separate molecules [23,25]. They also suggested that the 
thicker the carbon membrane, the lower the adsorption rate into the 
pore; narrowing the pore entrance with a thin membrane can increase 
the efficiency of the recovery of target molecules. Regarding molecular 
transport, Vallejos-Burgos et al. theoretically suggested that 
oxygen-containing functional groups (OCFGs) at nanowindows in a 
graphene sheet contribute to air separation [26]. The transport of N2 and 
O2 molecules through the nanowindows is strongly influenced by the 
partial charge distribution derived from OCFGs and the dynamic motion 
of the OCFGs.

In this study, we propose a new method for CMS synthesis by 
applying electrochemical oxidation (ECO) to a microporous carbon in 
aqueous electrolytes. Since the ECO process against carbon creates 
OCFGs at unstable sites such as graphite edges and defective parts in the 
surface [27,28], the OCFGs added at the pore entrance are expected to 
work as an ultrathin barrier layer for N2/O2 separation. This method for 
surface oxidation of carbons does not require strong oxidants leading to 
corrosion of the ECO-cell and thermal treatment leading to a large 
structural change of carbon frameworks. Additionally, the oxidation 
degree is easily controlled by conditions such as applied voltage, pH of 
electrolytes, and oxidation time [29]. Yue et al. reported that phenolic, 
lactone, and carboxyl groups are formed on the surface of activated 
carbons at an applied voltage of 0.5 V, 0.5–1.5 V, and 1.5 V or higher, 
respectively [30]. In the case of highly oriented pyrolytic graphite 
(HOPG), the edges of HOPG were terminated by phenolic and carbonyl 
groups between 0.2 and 1.0 V, and the surface oxidation was accelerated 
at 1.0 V [31,32]. Previous ECO processes were performed in batch mode 
using carbon electrodes mixed with a binder in a circulating acid or 
alkali solution. However, the batch mode requires a molding process for 
the powdered porous carbon, fixation to the electrodes, and replacement 
of the electrodes after the surface oxidation, whose processes increase its 
environmental impact and make it unsuitable for industrialization. 
Volker et al. showed a new concept called an electrochemical flow 
capacitor in which an electric-double layer is formed on porous carbons 
in an electrolyte suspension [33]. This flow-type electrochemical reac
tion system was not limited to energy storage devices but was also 
applied to seawater desalination [34]. The flow system is expected that 
OCFGs are added to porous carbon powder suspended in an electrolyte 
solution. We applied a flow-type ECO (F-ECO) to synthesize a CMS with 
an extremely thin gate at the pore entrance for N2 and O2 separation. 
The F-ECO conditions, such as voltage, time, temperature, and pH of the 
acid solution, were optimized by introducing an experimental design 
method. The porous carbons with OCFGs provided by F-ECO showed 
high N2/O2 separation performance; the O2 adsorption rate of the ob
tained CMS was 10 times faster than that of conventional CMS. Our 
results indicate that OCFGs work as an extremely thin gate at the pore 
entrance for N2/O2 separation.

2. Experimental

2.1. Synthesis of surface oxidized porous carbons by F-ECO

Activated carbon (AC) derived from coconut shells was used as the 
base carbon for CMS. Since the maximum O2 effective adsorbed amount 
(EAA[O2]) is expected to be obtained on AC with an average pore size of 
0.44 nm from theoretical analysis of O2 adsorption isotherms at 25 ◦C 
and 80 ◦C under 20 kPa, we prepared the AC with a central pore size of 
around 0.44 nm in the pore size distribution (PSD). EAA[O2] is the 
amount of O2 that can be recovered by desorption at 80 ◦C from the O2 
adsorbed at 25 ◦C and 20 kPa. This value was determined by subtracting 
the adsorbed amount at 80 ◦C from that at 25 ◦C. The AC powder with a 
particle size of approximately 150 μm was collected using a 100-mesh 
sieve for the F-ECO. AC (200 mg) was added to 200 mL of a sulfuric 
acid solution at a given concentration to prepare a suspension of AC. The 
experimental setup for the F-ECO treatment consisted of a reservoir, a 
liquid pump without pulsation (FW2-LD-240, Surpass Industry Co., 
Ltd.), and a voltage-applying cell (C-Flow 5 × 5 Electrochemical 
Research Cell, C-Tech Innovation), each of which was connected to a 
tube with a diameter of 4 mm (Fig. 1). The pumping speed was set at 
27.5 ml/min. The voltage-applying cell was heated between 25 and 
80 ◦C using a jacket heater manufactured by Kawai Corporation. Voltage 
was applied between 0 and 1.5 V using a DC-stabilized power supply 
(PMX18-2A, Kikusui Electronics Corp.). The experimental condition was 
optimized by using an experimental design method [35]. The F-ECO 
treated AC samples are named as CMS-EX (X: sample number).

2.2. Experimental designs for F-ECO

Table 1 shows the experimental conditions for CMS-EX production in 
F-ECO estimated from the parameters. The total number of experiments 
reached 7 × 16 × 12 × 12 = 16,128. We applied Bayesian optimization 
based on Gaussian process regression to the experimental design to 
efficiently optimize the experimental parameters under a vast number of 
experimental conditions (see in Supporting Information I). The D- 
optimal designs were applied to select 10 experimental candidates 
characterized by minimal correlation coefficients among their respec
tive experimental parameters, drawn from 16,128 potential experi
mental conditions. The CMS-EX samples were prepared based on 10 
experimental candidates. The adsorption time constant (t0.5), the dy
namic selection coefficient of O2 (DSC[O2]), and the EAA[O2] were 
experimentally evaluated. The adsorption time constants are the time at 
which the adsorption fraction becomes 0.5 at the equilibrium adsorption 
pressure of 20 kPa for O2 and 80 kPa for N2. The parameter helps to 
assess the kinetic adsorption of O2 over N2 [25]. The DSC[O2] is the rate 
of adsorption time constant (t0.5[N2/O2]) of N2 (t0.5[N2]) against that of 
O2 (t0.5[O2]): the faster the adsorption rate of O2 and the slower the 
adsorption rate of N2, the larger the DSC[O2]. Based on the experimental 
results, a numerical model was constructed using the Gaussian process 
regression method based on the DSC[O2] and t0.5 as objective variables. 
Bayesian optimization method was applied by using this model to derive 
candidate experimental conditions to maximize the DSC[O2] and mini
mize t0.5. Additionally, CMS-EX (X = 11–13) was provided under 
different conditions at pH = 1 to evaluate the validity of the final so
lution. Table 2 shows the 10 candidate experiments (X = 1–10) derived 
from the design of experiments, comparison experiments at pH = 1 (X =
11–13), the second candidate (X = 14), and the final solutions derived 
from them (X = 15).

2.3. Characterization

The microstructure of the AC was directly observed by high- 
resolution scanning transmission electron microscopy (ARM200CF, 
JEOL Ltd.) in transmission mode (HR-TEM). An acceleration voltage was 
set at 120 kV to prevent the morphological changes by electron 
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irradiation [36,37]. X-ray photoelectron spectroscopy (XPS) was per
formed to clarify the degree of oxidation of the surface of the AC samples 
before and after the F-ECO treatment. The C1s and O1s spectra were 
collected using a KRATOS ULTRA (Shimadzu Co., Ltd.) with mono
chromatic Al Kα radiation. The bonding information in the C1s and O1s 
spectra of a carbon sticker used to fix the samples was removed by 
covering the entire surface of the carbon sticker with pelletized samples. 
The oxygen/carbon (O/C) ratio was determined from deconvoluted 
curves in the O1s and C1s peaks fitted by the Voigt function [38].

Since the pore size of our target carbons is below 1.2 nm, the CO2 
adsorption isotherm at 25 ◦C is applied to evaluate the porous structure. 
N2 adsorption isotherms at 77 K and Ar adsorption isotherms at 87 K 
have been widely applied to evaluate the porous structure of porous 
carbons. However, the diffusion and penetration of adsorbate molecules 
in pores are very slow at such low temperatures. Accurate analysis of 
micropores cannot be achieved under these conditions because of 
insufficient measurement points at low relative pressure, including in
formation on micropores. In contrast, the CO2 adsorption isotherm up to 

atmospheric pressure at 25 ◦C does not allow the evaluation of meso
pores but includes structural information on micropores below a pore 
size of 1.2 nm. Since the pore entrances and internal pores of CMS are 
extremely narrow, it is expected that probe gas molecules will struggle 
to pass through these pore entrances and reach the deep interior of the 
pores at low temperatures. Therefore, CO2 adsorption isotherms of CMS 
and their precursor-AC were measured at 25 ◦C. The PSDs were deter
mined by fitting kernels obtained from the grand canonical Monte Carlo 
(GCMC) method applying to carbon slit pores to the experimental iso
therms at 25 ◦C. The detailed procedure to determine the kernels is 
shown in Supporting Information II. The CO2 adsorption isotherms were 
measured after pre-evacuation at 80 ◦C for 6 h (BELSORP-max and 
BELSORP-maxII, MicrotracBEL Corp.). The pre-evacuation condition 
was set to remove only adsorbates while preventing the removal of 
functional groups on the carbon surfaces. The EAA[O2] was determined 
by subtracting the adsorbed amount of O2 at 20 kPa at 25 ◦C and 80 ◦C. 
Raising the O2 desorption temperature improves regeneration effi
ciency. However, if the carboxyl group mainly acts as the separation 
gate, decomposition begins at around 100 ◦C [28]. We assumed the 
recovery of O2 from waste heat at 80 ◦C, and the EAA[O2] was evaluated 
as the desorption temperature of 80 ◦C. The adsorption rates of O2 and 
N2 were measured at 20 kPa and 80 kPa, respectively, corresponding to 
the partial pressure in the atmosphere. The kinetic separation perfor
mances were assessed from the value of DSC[O2] and EAA[O2], as well 
as the ratio of the diffusion coefficient determined from the multiple 
linear driving force (LDF) equation and the rate constant [25,39].

3. Result and discussion

The HR-TEM images clearly show the carbon frameworks of the AC 
before the F-ECO treatment (Fig. 2a and b). The AC consists of micro
graphites (Fig. 2a), with pore entrances facing each other of the carbon 
surfaces with large curvature and the micrographite edges (Fig. 2b). 
Since the structural stability of carbon frameworks tends to decrease 
with increasing curvature [40,41], carbon surfaces with high curvature 
are more reactive than flat surfaces, similar to the edge and defective 
sites. The OCFGs should likely be introduced at the pore entrance during 
AC fabrication and oxidation processes. The PSDs of representative 
samples show the porosity change of AC by the F-ECO treatment 
(Fig. 2c). Since the PSD reflects the rate of internal pore spaces rather 
than the pore entrance size, the reduction in the PSD suggests the in
ternal space of the pore was narrowed by the addition of OCFGs on pore 
walls. The F-ECO treatment reduced pores above 0.42 nm. The sulfuric 
acid solution might have penetrated inside of such large pores, and the 
pore walls were also oxidized. Although the CMS-E15 obtained by op
timum treatment conditions showed a reduction of pores with a pore 
size until 0.55 nm, the pores at higher pore sizes were retained to the 
same degree as the AC sample. Maintaining pores that allow O2 to pass 

Fig. 1. Schematic of the experimental setup for the F-ECO.

Table 1 
Experimental parameters for CMS synthesis by the F-ECO method.

Condition Range Step Number of parameters

pH 1.0–7.0 1.0 7
Applied voltage [V] 0–1.5 0.1 16
Applied time [h] 0.5–6.0 0.5 12
Temperature [◦C] 25–80 5.0 12

Table 2 
1st (X = 1–10) and 2nd (X = 14) candidates, comparison (X = 11–13) and final 
(X = 15) experimental conditions for CMS synthesis.

Sample number, 
X

pH Applied voltage 
[V]

Applied time 
[h]

Temperature 
[◦C]

1 1 0.5 2.5 55
2 2 1 1.5 70
3 3 1.3 0.5 25
4 4 0.3 1.5 25
5 7 1.1 5.5 25
6 5 0.1 0.5 60
7 1 0.6 5.5 65
8 6 0.3 2 50
9 6 0.9 3.5 80
10 4 N/A 6 45

11 1 1 1.5 25
12 1 1 3 25
13 1 1 6 25

14 1 1.5 6 35
15 1 1.5 4.5 35
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should prevent the decrease in EAA[O2]. The degree of addition of 
OCFGs to AC by the F-ECO was evaluated using the C1s (Fig. 2d and e) 
and O1s (Fig. 2 f and g) XPS spectra with deconvoluted results. The most 
substantial peak at 285.6 eV was assigned to the carbon-carbon bond, 
which is a combination of sp2 and sp3 bonds. Other subpeaks were 
assigned to the OCFGs of hydroxyl (C–OH) and epoxide (C–O–C) at 
286.8 eV, carbonyl (C––O) at 289.1 eV, and carboxylic (COO) at 290 eV 
[42]. The C1s spectrum of CMS-E15 (Fig. 2e) exhibited a shoulder peak 
of around 286.8 eV compared to AC (Fig. 2d), mainly derived from 

hydroxyl groups and epoxide. Since the hydroxyl groups and epoxide are 
the predominant OCFGs in the CMS-EX samples, the decomposition of 
OCFGs is not expected to occur until 500 ◦C [28]; separation gates by 
OCFGs are stable in the regeneration process. The increase in OCFGs in 
CMS-E15 was clearly represented in the O1s XPS spectrum. The 
deconvoluted curves were assigned to carbonyl (C––O) at 531.4 eV, 
hydroxyl (C–OH) at 532.5 eV, and epoxide (C–O–C) at 533.8 eV. Fig. 2h 
shows the presence ratios of each OCFG obtained from the areas of the 
deconvoluted curves against overall O1s spectra and the area ratio of the 

Fig. 2. HR-TEM images of the entire (a) and surface (b) of AC without F-ECO treatment. (c) PSD of representative samples determined from CO2 adsorption isotherms 
at 25 ◦C. XPS spectra of AC (d, f) and CMS-E15 (e, g). (d) and (e) are C1s spectra and (f) and (g) are O1s spectra. Black arrow in (e) points out shoulder peak derived 
from hydroxyl and epoxide. (h) Ratio of OCFGs (red: carbonyl, blue: hydroxyl, and green: epoxide) and O/C ratio (black open circle) of AC and representative CMS- 
EX (X = 2, 3, 11, 13 and 15). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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O1s spectrum against the C1s spectrum (O/C ratio) on randomly 
selected samples. The O/C ratio of CMS-EX samples was increased 
compared with that of AC; the OCFGs were introduced to the AC passing 
through the F-ECO process. F-ECO treatment at applied voltages above 
1 V decreased carbonyl bonding and increased the hydroxyl group and 
the epoxide. CMS-E15 exhibited a lower O/C ratio than CMS-E13, in 
which the pores were reduced between the pore size of 0.50 nm and 
0.55 nm, suggesting that adding excess OCFGs in micropores of 
CMS-E13 might cause performance degradation in CMS.

The adsorbability of oxygen on AC and CMS-EX samples was esti
mated by the differential of the adsorbed amount of O2 at 20 kPa at 25 ◦C 
and 80 ◦C. Fig. 3a shows O2 adsorption isotherm at 25 ◦C and 80 ◦C of 
AC, and CMS-E15. The EAA[O2] of samples was calculated from the 
adsorbed amount at 20 kPa in each adsorption isotherm (Fig. 3b). The 
EAA[O2] of CMS-EX samples was lower than that of AC. The decrease in 
EAA[O2] is linked to a reduction in micropore volume, as represented by 
the PSD (Fig. 2c); the addition of OCFGs also occurred in the micropores 
by the F-ECO. Previous reports suggested that the ECO treatment under 
high applied voltage and low pH accelerates the addition of OCFGs and 
increases the surface oxygen content [30,43]. Compared to previous 
reports, the relatively mild oxidation conditions for CMS-E6 may pre
vent the decrease in EAA[O2]. In contrast, CMS-E10, produced under 
mild oxidation conditions without voltage application, represented a 
significant decrease in the EAA[O2]. This opposing trend suggests that 
numerous systematic tests are necessary to determine optimal condi
tions based on the relationship between EAA[O2] and each F-ECO con
dition. Fig. 3c shows the relationship between the EAA[O2] and the O/C 
ratio. The EAA[O2] decreased as the O/C ratio increased. When 

comparing CMS-E15 with CMS-E11, which represents similar O/C ra
tios, the EAA[O2] of CMS-E15 was higher even with increasing O/C 
ratios. Accordingly, the experimental design method is effective for 
efficiently finding the optimal condition among multiple experimental 
parameters.

The DSC[O2] was determined from the adsorption rate curves of O2 
and N2 for each sample. The adsorption rate curves (Fig. 4a and b and 
Supporting Information Fig. S4) are obtained from the adsorption frac
tion, which is the adsorbed amount at each time relative to the equi
librium adsorbed amount. The adsorption rate curves for O2 and N2 
overlapped in AC (Fig. 4a), indicating that separating these gases is not 
feasible. In contrast, in CMS-EX (Fig. 4b and Supporting Information 
Fig. S4), the O2 adsorption rate curves represented faster than those for 
N2. The addition of OCFGs should maintain the O2 adsorption rate while 
only slowing the N2 adsorption rate. Fig. 4c shows the performance of 
EAA[O2] and DSC[O2] of each sample. As mentioned before, the EAA 
[O2] was decreased with the F-ECO treatment due to the introduction of 
OCFGs in the micropores. Conversely, the DSC[O2] substantially 
increased with the F-ECO treatment. The separation performance for O2 
and N2 was markedly improved due to the increase in OCFGs at the pore 
entrance. The improvement of separation performance seems primarily 
to depend on the amount of OCFG, which creates narrow pore entrances, 
rather than the type of OCFG (Supporting Information, Fig. S5). How
ever, the increase in OCFGs by adding hydroxyl groups and epoxides led 
to the enhancement of DSC[O2]. This suggests that modifying the pro
portions of OCFG types is essential for enhancing N2/O2 separation 
performance. The rate constants (kLDF) for O2 and N2 were determined 
from the distribution of kLDF (Supporting Information, Fig. S6) 

Fig. 3. (a) O2 adsorption isotherms at 25 ◦C and 80 ◦C for AC and CMS-E15. The broken line shows oxygen partial pressure. (b) EAA[O2] for each sample obtained 
from subtracting the adsorbed amount at 80 ◦C from the adsorbed amount at 25 ◦C at 20 kPa of oxygen partial pressure. (c) Relationship between EAA[O2] and O1s/ 
C1s ratio calculated from XPS in Fig. 2(h).
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calculated from a multiple LDF equation to compare the separation 
performance with previous works. The detailed procedure to estimate 
the distribution of kLDF has been reported by Yamane et al. [25]. The 
comparison of the rate constant of O2 (kO2) and the O2/N2 kinetic 
selectivity for results obtained in this work and previous works indicated 
that CMS-E15 has the highest kO2 and approaches the O2/N2 kinetic 
selectivity exhibited by CMS produced through the CVD process (Sup
porting Information, Fig. S7). This indicates that the new process to 
provide CMS has potential for practical applications in gas separation 
processes.

4. Conclusion

Using the F-ECO method, we have proposed a new synthesis route for 
CMS with enhanced O2 and N2 separation performance. By optimizing 
the parameters of the F-ECO condition obtained from the experimental 
design method, we significantly improved O2 selectivity while mini
mizing the reduction in EAA[O2]. A key innovation in our approach was 
the incorporation of OCFGs at the entrances of the pores at AC to provide 
the CMS for O2 and N2 separation. The modification against the pore 
entrance, creating an ultrathin barrier layer, dramatically increased the 
oxygen adsorption rate constant compared to the CMS provided by the 
CVD method. These results indicate the potential of the F-ECO technique 
as a highly effective and environmentally sustainable method for 
generating high-performance CMS tailored for oxygen enrichment ap
plications. Further exploration of the optimization for process parame
ters and the methodologies for scaling up the F-ECO process could 
significantly contribute to developing more energy-efficient and cost- 
effective technologies for oxygen enrichment across diverse industrial 
settings.
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