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Abstract 

  Hierarchically porous carbon foam (CF) and microporous nitrogen doped carbon 

foam (NCF) were synthesized at gram scale via the one-step thermal decomposition of 

metal alkoxides. The total hydrogen uptake of CF reached a maximum of 11.0 wt% at 77 

K and 9.5 MPa (or 5.2 wt% excess at 3.9 MPa). This large uptake is attributed to large 

surface area (3452 m2/g) and pore volume (2.19 cm3/g). Even at room temperature, the 

total hydrogen uptake reached 2.50 wt% (or 0.94 wt% excess). Nitrogen doping resulted 

in lower hydrogen uptake at higher pressure, due to the lower surface area. Interestingly 

however, slightly improved hydrogen uptake was obtained in NCF at lower pressure 

compared to CF, and we attribute this to the narrower pore size. Meanwhile, the CO2 

uptake of CF was 15.2 mmol/g at 273 K and 0.5 MPa. The CO2 uptake of NCF was 

slightly lower, but the CO2/N2 and CO2/H2 selectivity were higher. This was attributed to 

increased isosteric heat of adsorption between CO2 and the nitrogen-doped carbon surface. 

This work shows the potential of bulk-synthesized low-cost metal alkoxide-derived 

carbon foams to be used in gas storage and separation applications. 

Keywords: Carbon Foam, Hydrogen Storage, Carbon Capture, Physisorption, 

Microporosity 
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Introduction 

 The biggest problem facing society today is climate change, which has already 

resulted in rising sea levels, extreme heat waves, and irregular weather patterns [1,2]. This 

climate crisis is largely driven by human emissions of the greenhouse gas carbon dioxide. 

Over 40% of CO2 emissions are the result of fossil fuel combustion for energy production 

[3], so it is important to curb CO2 emissions from the energy sector. This can be done 

either by replacing fossil fuels with a carbon neutral energy carrier such as hydrogen, or 

by directly capturing CO2, followed by sequestration or utilization. 

Hydrogen has high gravimetric energy density, can be produced using renewable 

energy, and can be utilized to generate electricity in high efficiency fuel cells without 

emitting CO2 [4,5]. However, the volumetric density of uncompressed hydrogen gas is 

extremely low. As such, to successfully supplant fossil fuels, a suitable storage system 

for hydrogen must be developed. Currently, this is generally achieved in fuel cell electric 

vehicles (FCEVs) via high-pressure compression of hydrogen gas at 70 MPa. However, 

the use of compressed hydrogen has several remaining issues. Firstly, the high pressure 

necessitates the use of heavy storage tanks made from extremely strong but very 

expensive carbon fiber composites. Second, the metallic parts of hydrogen storage vessels 

are susceptible to hydrogen embrittlement [6], resulting in the need for thicker, heavier 

and costly tanks [7]. In the case of polymer-lined tanks, water can degas from the polymer 

walls, resulting in lowered fuel cell performance [8]. Finally, high pressure hydrogen gas 

compression up to 70 MPa requires energy equivalent to 12% of the energy stored in the 

gas, significantly reducing the round-trip efficiency [9]. Storing hydrogen at lower 

pressure would contribute significantly to overcoming these problems. 
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Another method of increasing hydrogen storage capacity is via liquification. 

However, this is extremely energy intensive, requiring an amount of energy equivalent to 

30% of the higher heating value of the hydrogen being liquefied [9]. In addition, liquid 

hydrogen suffers from substantial boil-off losses due to its exceptionally low boiling point 

(20 K). For example, a computational study estimated that up to 3.3% of liquid hydrogen 

is vented when transferring from a stationary storage tank to a trailer, and another 2-10% 

is lost when transferring from trailer to another tank [10]. Moreover, liquid hydrogen 

cannot theoretically meet DOE volumetric targets for light vehicles [11]. 

The third major hydrogen storage solution is to make use of metal hydrides [12–

15]. By pressurizing hydrogen in the presence of a suitable metal or alloy at moderate 

temperature, hydrogen atoms will bind with the metal to form a metal hydride. This 

allows for safer storage at lower pressure and can result in higher volumetric energy 

density than compressed or liquified hydrogen. However, desorption of hydrogen from 

the metal hydride is relatively slow and requires elevated temperatures (e.g., up to 300°C) 

[16]. In addition, some of the most promising metal hydrides for this application contain 

critical raw materials, making the scale up of this technology problematic [17].  

Finally, physisorption of hydrogen onto materials with large surface area has 

several advantages over the above methods. Being a “solid-state” storage method, 

physisorption systems are relatively simple to engineer for vehicular use, and reportedly 

safer compared to liquid or gaseous hydrogen storage [18]. Physisorption is also a fast 

and reversible process because the interaction relies on weak van der Waals forces. This 

makes it more efficient than the use of metal hydrides or compressed hydrogen (e.g. at 70 
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MPa) [19], and physisorption does not require high temperatures as in the case of metal 

hydrides.  

High hydrogen uptake using physisorption reportedly requires materials with 

large surface area, a high degree of microporosity (especially with pore diameters in the 

range of 0.6 to 0.7 nm), and large pore volume [20–22]. Researchers have developed 

many materials to target these particular textural properties, including zeolites, metal 

organic frameworks (MOFs), activated carbons, and other nanostructured carbons such 

as graphene and carbon nanotubes [23–28]. Zeolites have adjustable porosity, 

controllable surface chemistry, and good stability [29], but generally fail to reach large 

enough surface areas for high adsorption capacity [28–32].  Meanwhile, MCM-41, a 

widely studied mesoporous silica, was reported to have a hydrogen uptake of just 1.2 wt% 

at 1 MPa and 77 K despite being doped with nickel [33]. MOFs have higher surface area 

than zeolites, as well as controllable porosity, but they are expensive, difficult to scale up, 

and some have poor stability against moisture [29,34]. They have been reported to have 

appreciable total hydrogen uptake at 77 K (e.g. > 2 wt% at 0.1 MPa and >11 wt% at 7.8 

MPa) [35,36], but at room temperature the benchmark materials can achieve only 1 to 2 

wt% total uptake, even at high pressure[37].  

Microstructured carbon could provide a low cost and more sustainable alternative 

to the above materials systems. For example, activated carbon is reported to have good 

performance at 77 K, with the commercial adsorbent “Maxsorb” achieving excess uptake 

of 5.7 wt% at 3 MPa [38]. However, such activated carbon materials for physisorption 

are generally synthesized via an energy intensive two-step carbonization and activation 

process [25,39–41]. Some carbon materials reported for hydrogen uptake even require 
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MOFs as templates, further increasing cost, and making scale up less likely [42,43]. To 

date, very few porous carbon materials have achieved large enough hydrogen uptake 

capacity to meet the DOE systems target of 5.5 wt% gravimetric capacity (even at 77 K) 

[44]. This situation limits the applicability of carbon-based hydrogen storage materials 

for mobile applications such as light duty vehicles. Therefore, it is necessary to develop 

a scalable carbon material for hydrogen physisorption that uses low cost and abundant 

precursors, requires few processing steps, and avoids the requirement of sacrificial 

templates. 

A second approach to curbing CO2 emissions from the energy sector is by direct 

carbon capture and sequestration (CCS). The importance of this was highlighted in a 

recent study, which showed that even in the most optimistic scenario, CCS must be 

implemented at large scale if, e.g., Japan is to achieve its CO2 emissions reduction targets 

[45]. CO2 capture can be performed pre-combustion, in combined cycle power plants, 

where steam reforming is used to convert fossil fuels to a mixture of compressed H2 and 

CO2 (15 to 60%) [46,47]. Alternatively, CCS can be performed post-combustion of fossil 

fuels, after separation of CO2 (up to ~14%) from nitrogen (~77%) and other minor gas 

phases [48]. Finally, CO2 can be captured from more pure CO2 streams originating from 

industrial processes outside the energy industry (such as cement manufacture) [45]. 

Carbon capture is currently performed at industrial scale using liquid amine 

sorbents such as ethanolamine. However, this method has some serious issues which must 

be addressed. For example, amine sorbents are highly corrosive, resulting in damage to 

equipment and decreasing the lifetime of components. Additives designed to counter this 

corrosive nature add cost and increase toxicity [49]. In addition, the interaction between 
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CO2 and liquid amines is very strong, and therefore incurs a significant energy cost during 

desorption. As such, alternative physisorption-based solid CO2 sorbents are promising. 

Some examples of physisorption-based solid CO2 sorbents include porous carbons 

derived from a variety of precursors including resins [50], biomass [51–53], or MOFs 

[54]. Meanwhile, MOFs [55,56] and zeolites [57] can also be used as CO2 sorbents in 

their own right. 

Porous carbon CO2 sorbents generally require similar textural properties to 

hydrogen sorbents. High surface area, large pore volume, and the presence of micropores 

(especially with < 0.7 nm pore diameter), are reported to improve CO2 uptake [58–60] 

For effective pre- or post-combustion CO2 capture, high CO2/N2 and/or CO2/H2 

selectivity is also required. Several experimental and computation studies have claimed 

that CO2/N2 selectivity in carbonaceous materials can be improved via nitrogen-doping 

[61–63]. However, this effect is reported to be relatively small compared to the effect of 

pore size distribution [61,64]. 

One class of porous carbons with the potential to act as both a hydrogen sorbent 

and a carbon dioxide sorbent are carbon foams. In our group, carbon foams with relatively 

large surface area and high degree of microporosity are synthesized from various sodium 

alkoxides [65,66]. These are created via a single-step activation process wherein the 

sodium alkoxide melts and decomposes into products including carbon, sodium carbonate, 

and sodium hydroxide, as well as hydrogen gas and carbon dioxide. The gaseous products 

generate a macroporous foam structure via self-blowing, whilst the sodium compounds 

generate micropores via self-activation. As such the resulting materials can be classified 

as hierarchically porous self-activated carbon foams. This method is simple, reproducible, 
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and scalable [65]. These carbon foam materials have previously been reported to have 

surface area up to 2500 m2/g [67], have been used as platinum supports in electrocatalysts 

[68] and preliminarily investigated for hydrogen adsorption at up to 1 MPa [27,69].  

A nitrogen-doped analogue of this carbon foam has also been synthesized 

previously. In early studies, this was done by reacting sodium with ethanol and 

ethanolamine, followed by pyrolysis, resulting in a material with around 700 m2/g surface 

area [70]. Subsequent studies have then used triethanolamine (TEOA) as a nitrogen 

source, resulting in improved surface area up to 2500 m2/g [71–73]. This nitrogen-doped 

carbon foam has been applied as an electrocatalyst support [71,72] or as a metal-free 

catalyst in its own right [70,73]. This material is of interest in the current work because 

nitrogen doping reportedly improves CO2 adsorption on carbon surfaces [61,64]. 

In this study, we synthesize similar carbon foams which have been optimized to 

increase their surface area, via the one-step, template-free pyrolysis of sodium ethoxide. 

We additionally synthesize the analogous nitrogen-doped carbon foam using 

triethanolamine as a nitrogen source. The hydrogen uptake is investigated at up to 9.5 

MPa at 77 K and 298 K, and the carbon dioxide uptake and selectivity is measured at up 

to 0.5 MPa at 273 K and 298 K. The effect of porosity and nitrogen doping on the 

hydrogen and carbon dioxide adsorption capacity and selectivity are clarified. To the best 

of our knowledge, this is the first study on the performance of alkoxide-derived carbon 

foams for high pressure hydrogen adsorption and carbon dioxide capture. 

Experimental 

Synthesis 
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All chemicals were used as received without further purification. 20 g of sodium 

ethoxide (Wako, Japan) was measured into an alumina crucible and then heated under 

nitrogen flow in a box furnace (725°C, 3°C/min, 2 hours holding time). After cooling, the 

resulting carbon was crushed with a mortar and pestle and dispersed in deionized water. 

The dispersion was magnetically stirred for 24 hours, then vacuum filtered through a 0.2 

µm polytetrafluoroethylene (PTFE) membrane until the filtrate was pH neutral. This 

washing step was performed to remove sodium carbonate and sodium hydroxide 

impurities remaining after pyrolysis. Finally, the PTFE membrane was dried at 60°C for 

24 hours and the carbon foam was scraped from the membrane. Herein this sample is 

abbreviated as CF. 

For synthesis of nitrogen-doped carbon foam, 18 g of sodium ethoxide was 

measured into tetrahydrofuran solvent (THF, Wako), under nitrogen flow in a round-

bottomed flask. The dispersion was a magnetically stirred for 1 hour, and then 6 g of 

triethanolamine (TEOA, Sigma Aldrich, Japan) was added, followed by a further 24 hours 

of magnetic stirring in an inert atmosphere. Sodium ethoxide is a strong base (pKa = 15.5) 

and is therefore capable of deprotonating the alcohol groups in the TEOA (pKa = 7.74). 

The equilibrium point of this reaction will depend on the ratio of reactants, and the 

product is a sodium-ion exchanged analogue of TEOA. The THF solvent was then 

removed and recovered by rotary evaporation at 60°C and 100 Pa. The resulting powder 

was pyrolyzed under nitrogen flow in a box furnace under the same conditions as for CF 

(namely, 725°C, 3°C/min, 2 hours holding time), followed by the same washing, vacuum 

filtering, and drying protocols. Herein this sample is abbreviated as NCF. 

Materials Characterization 
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Samples were characterized by field emission scanning electron microscopy (FE-

SEM, SU-9000, Hitachi, Japan) with acceleration voltages of 25 or 30 kV depending on 

the sample in combination with Energy Dispersive Spectroscopy (EDS) at 30 kV 

acceleration voltage for elemental analysis; Raman spectroscopy (Renishaw inVia Raman 

microscope, λ = 532 nm) with laser power of 25 mW and spot size of 1.5 µm; and powder 

X-Ray diffraction (XRD, Rigaku SmartLab). Elemental analysis was performed by EDS, 

X-ray photoelectron spectroscopy (XPS, Ulvac PHI5000 VersaProbe-II), and CHN 

analysis (Yanaco CHN Corder MT-5). 

Gas Sorption Measurements 

Before each gas sorption measurement, the samples were degassed at 300 ºC for 

3 hours to remove any moisture or other adsorbed molecules from the surface. As a 

comparison for gas sorption testing, a commercially available activated carbon was used 

(MSC-30, Maxsorb, Kansai Coke & Chemicals Company Ltd, Japan). This material has 

been widely used in the scientific literature for many adsorption applications, including 

for hydrogen storage. This means that the accuracy of the adsorption measurements and 

characterizations in this study can be verified by comparing the data for MSC-30 with 

those from other studies. Furthermore, it serves as a realistic benchmark for the state-of-

the-art of carbonaceous sorbents in the industry today. To determine the porosity of the 

materials, N2 adsorption measurements were conducted up to the nitrogen saturation 

vapor pressure at 77 K (i.e., ~0.1 MPa) using a Belsorp Mini-II (MicrotracBel, Japan). 

The resulting isotherms were then analyzed using the Brunauer-Emmett-Teller (BET) 

equation and de Boer’s t-plot method to determine the specific surface area and micropore 

volume, respectively. 
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In this study excess, total, and absolute uptake are all discussed in detail, and all 

three have distinctly different definitions. Excess uptake corresponds to the proportion of 

adsorbed gas molecules with higher density compared to compressed gas molecules at 

the same temperature and pressure. This is the value obtained directly by the measurement 

device used in this study. Meanwhile, total uptake corresponds to the total amount of gas 

residing within the pore volume of the material, both in the form of adsorbed molecules 

and compressed gas. This is calculated from the excess uptake by adding the amount of 

compressed gas expected to be found in the total pore volume in the given pressure and 

temperature conditions. The absolute uptake corresponds to the proportion of molecules 

in the adsorbed layer. This is defined within a fixed distance from the surface. Inside this 

boundary, adsorbed molecules have higher density than the compressed gas found outside 

the boundary. The absolute uptake cannot be directly experimentally determined. In this 

study it is inferred statistically during isotherm model fitting. More detailed descriptions 

of these different adsorption values can be found in other studies on the topic [74,75] and 

can be seen graphically in Figure S1. 

Excess H2 uptake isotherms were recorded using Belsorp HP equipment 

(MicrotracBel, Japan), at 77 K and 298 K, at pressures up to 9.5 MPa using high purity 

hydrogen (99.9999%). Total hydrogen uptake was calculated from the excess adsorption 

by considering the amount of gas stored in the total pore volume using the equation below 

[25]: 

𝑤𝑡 = 𝑤𝑒𝑥𝑐 +
100 × 𝜌𝐻2 × 𝑉𝑇

1 + 𝜌𝐻2 × 𝑉𝑇
 (1) 
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where 𝑤𝑡 is total uptake (wt%), 𝑤𝑒𝑥𝑐 is excess adsorption (wt%), 𝑉𝑇 is total pore volume 

(cm3/g) and 𝜌𝐻2 is the density of hydrogen (g/cm3) at a given temperature and pressure, 

as obtained from the US National Institute of Standards and Technology (NIST) standard 

reference database number 69 [76]. 

To further understand the adsorption process, the adsorption branch of each 

hydrogen sorption isotherm is then fit to several different equations describing different 

modes of adsorption. The equations/models being compared are: a modified Langmuir 

equation corresponding to homogeneous monolayer adsorption, the Unilan (Uniform 

Energy Distribution with Langmuir Local Isotherm) equation which is an extension of 

the Langmuir equation without the homogeneity assumption, the Toth equation (a 

monolayer adsorption equation with an empirical heterogeneity parameter), the Modified 

Dubinin-Raduskevich (MDR) empirical equation corresponding to micropore filling with 

a homogeneous energy of adsorption, and a heterogeneous version of it called the 

Modified Dubinin-Astakhov (MDA) equation. The exact parameterizations and 

assumptions of these equations can be inspected in Table S1.  

However, these equations describe absolute adsorption, and not the measured 

excess adsorption. The difference can be accounted for by using the following equation: 

𝑛𝑒𝑥𝑐 =  𝑛𝑎𝑏𝑠 −
𝜌𝑔𝑣𝑎

𝑀
=  𝑛𝑎𝑏𝑠  (1 −  

𝜌𝑔

𝜌𝑎
) (2) 

Where nexc is the excess adsorbed amount (mmol/g), nabs is the absolute adsorbed amount 

(mmol/g), ρg is the density of the bulk gas phase (g/cm3), va is the adsorbed phase volume, 

ρa is the adsorbed phase density (g/cm3), and M is molar mass of the adsorbate (g/mmol). 

The value of va and ρa cannot be determined directly from the isotherms, however, and 
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must be estimated/inferred. In this study, three methods of approximating the adsorbed 

phase volume which have been used in the literature previously are applied and compared. 

The first method sets ρa as equal to the density of liquid hydrogen, and then calculates va 

accordingly at different loadings [77]. The second method assumes va is a constant which 

needs to be fitted during regression, and then allows the density to vary with loading [78] 

Finally, it is possible to assume that the adsorbed phase is a condensed equilibrium phase 

[79]. Subsequently, the adsorbed and bulk phases can be approximated to follow 

something like the law of rectilinear diameter, which means the average value of ρa and 

ρg is a linear function of temperature, i.e., 𝜌𝑎 + 𝜌𝑔 = 𝑎 −  𝑏 ∗ 𝑇. The variables a and b 

can then be added as additional parameters to fit. In this case, both the adsorbed density 

and volume vary with pressure and loading, respectively. 

For each equation, the fitting was done simultaneously to isotherms from both the 

77K and 298K measurements. The parameters of each equation are inferred using 

Bayesian statistics via the probabilistic programming language Stan [80]. The Stan codes 

for these models are also included via a link in the SI. The performance of each model is 

then evaluated by comparing the expected log pointwise predictive density (ELPD) from 

leave one out cross validation (i.e., how much probability each model assigns to the 

original data without seeing them) as well as from visual checks of the posterior predictive 

plots. 

 After fitting, the heat of adsorption for hydrogen on MSC-30 is then estimated 

based on the Unilan fit using the following equation [81] 

−∆ℎ𝑎𝑑𝑠 =  𝐸𝑚𝑎𝑥 −
(1 − 𝑥)𝑠

1 − exp ((1 − 𝑥)𝑠
𝑅𝑇 )

−
𝑥𝑠

1 − exp (−𝑥𝑠
𝑅𝑇 )

 (3) 
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where Emax is the maximum energy of adsorption, x=nabs/nmax is the fractional coverage, 

s=Emax-Emin is the range of energies of adsorption, and R is the universal gas constant. For 

CF and NCF, meanwhile, the heat of adsorption is estimated using the following equation 

obtained by combining MDA and a version of the Van’t Hoff equation [82]: 

−∆ℎ𝑎𝑑𝑠 = 𝛼 (log
𝑛𝑚𝑎𝑥

𝑛𝑎𝑏𝑠
)

1
𝑚

− 𝑅 ∙
𝜕(log 𝑃0)

𝜕 (1
𝑇)

 (4) 

where 𝛼 is a fitted parameter often referred to as the enthalpic factor, m is a coefficient 

which indicates heterogeneity, and 𝑃0  is the pseudo-saturation pressure of H2 at 

temperature T. The partial derivative for the second term is 0 in this case because the 

pseudo-saturation pressure is assumed to be a constant during fitting. Thus, the heat of 

adsorption is assumed to be constant with respect to T, unlike for Unilan. 

Excess CO2 uptake isotherms were recorded using the same Belsorp HP 

equipment (MicrotracBel, Japan), at pressures up to 500 kPa. The CO2 isotherms at two 

different temperatures (273K and 298K) were fitted to the Langmuir, Unilan, MDA, and 

MDR models. The parameters of the MDA fit for all samples were then used to estimate 

the heat of adsorption using the same equation as the one used for hydrogen sorption on 

CF and NCF. In the case of CO2, however, 𝑃0 is the actual saturation pressure of CO2 

obtained from a NIST database [76], and the partial derivative in the second term is then 

numerically approximated. 

The high-pressure cutoffs (i.e., 9.5 MPa and 500 kPa) are based on the highest 

pressure available to measure with the available equipment to gain a more complete 

understanding of the adsorption behavior of the materials. For real-world applications, 
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the lowest possible pressure with acceptable hydrogen storage capacity should be used, 

or atmospheric pressure for post-combustion CO2 capture, or higher-pressure CO2 for 

pre-combustion CO2 capture. 

To determine CO2/N2 selectivity, further N2 uptake measurements were performed 

using the Belsorp Mini-X (MicrotracBel, Japan) at 273 K and 298 K at up to 100 kPa. To 

calculate selectivity in a gas mixture, the single component isotherm for each gas in the 

mixture was fitted using either the Unilan (in the case of CO2 and H2) or the Langmuir 

equation (in the case of N2). Other equations such as MDA, MDR, and Toth were not 

used because they are thermodynamically inconsistent at low pressures, which may cause 

problems when extrapolation is needed during computation [83]. Binary mixture 

adsorption isotherms for 15% CO2/85% N2 and 15% CO2/85% H2 mixture gases were 

then simulated from the fitted single component isotherms using Ideal Adsorbed Solution 

Theory (IAST) using an algorithm based on the widely used python library PyIAST 

[84,85]. Aside from IAST selectivity, Henry’s law selectivity was also calculated by 

taking the ratio of Henry’s constant obtained from the slope at low pressure of each gas. 

In addition, the CO2 adsorption data at 273 K was used in combination with N2 

adsorption data at 77 K to determine pore size distribution of the samples. This dual gas 

analysis was done by fitting them simultaneously to two different 2-Dimensional Non-

Local Density Functional Theory (2D-NLDFT) kernels [86] using the SAIEUS software 

from Micromeritics. For additional comparison, classical models fitted to nitrogen 

sorption data such as the Barrett-Joyner-Halenda (BJH) analysis and the micropore 

analysis plot (MP plot) were used to look at mesopore and micropore distribution, 

respectively. 
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Results and Discussion 

Synthesis Yield 

The yield of our porous carbon materials is shown in Table 1. For NCF, ~3 grams 

were lost during mixing of TEOA and sodium ethoxide in THF due to residue on the sides 

of the flask and evaporation. The yield after pyrolysis is significantly larger than the final 

yield after washing, due to the removal of water-soluble Na-containing products. NCF 

has a slightly higher final yield compared to CF, and this is attributed to the addition of 

triethanolamine (which contains no Na), lowering the sodium to carbon ratio. Calculating 

the yield based on elemental carbon in the precursors and products weight basis (shown 

in brackets), the yields of CF and NCF are comparable with high-performance activated 

hydrochars in the literature [87,88].  

Based on these yields and the current bulk price of the precursors (~2 USD/kg), 

the raw materials cost of producing CF and NCF are estimated to be 47.6 USD/kg and 

35.6 USD/kg, respectively. This is about the same as the estimated raw materials costs 

for MOFs (as of 2017) [89]. However, the processing steps for CF and NCF (i.e. mixing, 

thermal treatment, purification, etc.) are similar to those for conventional activated 

carbons, corresponding to an estimated ~1.4 USD/kg (based on a 2008 techno-economic 

simulation of an activated carbon plant producing 1 million kg of carbon a year) [90]. 

Meanwhile, a MOF synthesis facility with a scale of 2.5 million kg per year is projected 

by a 2017 techno-economic analysis to have an average processing cost of ~20 

USD/kg[89]. As such the overall cost of CF and NCF production including raw materials 

and processing is expected to be much lower than for MOFs. 
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Structural Characterization 

SEM images of the different carbon materials are shown in Figure 1. Both samples 

(CF and NCF) are observed to consist of an open cell structure with micron-scale 

spheroidal pores separated by thin interconnected graphene-like cell walls. The cell size 

is ~3 to 5 microns for CF and ~1 to 2 microns for NCF. The difference in cell size is 

attributed to the difference in viscosity of the precursors upon melting, with the more 

viscous Na-ion exchanged TEOA resulting in smaller bubbles during foaming. Our 

previous study on similar materials used atomic force microscopy to confirm that the cell 

walls are atomically thin [70].  Meanwhile, the MSC-30 reference sample does not have 

the same type of foam-like structure. CF has the largest particle size of ~300 µm diameter 

being common (Figure S2a). NCF has the finest particle size (Figure S2b) where even the 

largest particle is less than 100 µm in diameter. Finally, in MSC-30 there is an even 

distribution between smaller (<60 µm) particles in combination with larger particles 

(Figure S2c). 

The Raman spectra of the carbon materials (Figure S3a) display three main peaks: 

the D peak (1350 cm-1); the G peak (1595 cm-1); and the 2D peak (~2660-2710 cm-1). The 

D peak is attributed to the breathing mode of sp2 aromatic rings, and only becomes active 

at the borders between crystallites where translational symmetry is lost. The G peak is 

due to bond stretching of the rings, whilst the 2D peak is an overtone of the D peak [91,92]. 

The ratio of the D peak intensity to the G peak intensity (ID/IG) can be used as an estimate 

of disorder (i.e., the relative amount of crystallite boundaries) in a material [92]. CF has 

an ID/IG ratio of 1.00, and NCF has a very slightly higher ID/IG ratio (1.01), suggesting 

that nitrogen doping does not fundamentally change the amount of disorder in the material 
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in this case. Meanwhile, the value is 0.95 for the MSC-30 reference sample, suggesting 

that it is slightly less defective compared to CF and NCF. 

Two peaks are visible in the powder XRD diffraction patterns (Figure S3b): a 

large diffraction peak at 2𝜃 = 22° and a smaller peak at 2𝜃 = 44° are attributed to the 

(002) and (100) planes of turbostratic carbon, respectively [93]. The (002) peaks for CF 

and NCF have rather large full width at half-maximum (FWHM) of 8.17 and 8.13, 

respectively, indicating that they are relatively amorphous with a low degree of 

graphitization compared to MSC-30 (FWHM = 5.37). This is to be expected from the 

relatively low heat treatment temperature during synthesis (725 °C), whereas 

graphitization in carbon materials typically occur at much higher temperatures (e. g. 

~3000 °C) [94,95]. 

Chemical Composition 

Table 2 shows the atomic concentration of each element in the materials based on 

XPS data. There is a small amount of sodium detected in CF despite thorough washing. 

This is attributed to residual sodium-containing byproducts encapsulated inside 

inaccessible pores in the material, protecting it from dissolution in water. These can only 

be removed by further heat treatment steps, at the expense of microporosity and cost [72]. 

In NCF these residues are smaller than the standard error/do not exist because the foaming 

process does not produce closed cells large enough to trap the Na-containing compounds, 

as will be explained in the nitrogen adsorption section. The detected nitrogen content of 

7.0 at. % in NCF confirms that the nitrogen doping was successful. On the other hand, 

the trace amounts of nitrogen detected in CF and MSC-30 are well under the standard 

error for each sample, and no clear signal is observed in the spectrum (Fig. S4). Therefore, 
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this is attributed to signal noise [96]. The oxygen contents are very similar in both CF and 

NCF (~6 at. %). Meanwhile, MSC-30 has lower oxygen content. This difference could 

be attributed to the lower heat treatment temperature for CF and NCF compared to MSC-

30. The elemental analysis results obtained using XPS (a quasi-surface sensitive 

technique), are in agreement with bulk elemental analysis via EDS and CHN analysis 

(Table S2).   
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Figure 2 shows the deconvoluted N1s spectra of NCF. Peak fitting shows the 

presence of pyridinic nitrogen (~398 eV, 27%); graphitic / pyrrolic / hydrogenated 

pyridinic nitrogen (~400 eV, 55%); protonated nitrogen species (~402 eV, 10%) and 

oxidized nitrogen (>404 eV, 8%) [97]. 

Nitrogen Adsorption 

The nitrogen adsorption-desorption isotherms of each carbon sample at 77 K are 

shown in Figure 3a. From these isotherms, we can determine the surface area using the 

BET equation, as well as the porosity from the isotherm profile, as classified by the 

International Union of Pure and Applied Chemistry (IUPAC) [98]. CF has the largest 

surface area of 3452 m2/g, with an isotherm that is a mixture of Type Ia and Type II 

adsorption. The steep increase in nitrogen uptake in the lower partial pressure region is 

attributed to the filling of narrow micropores, followed by mono-multilayer adsorption 

up to higher partial pressures. A type H4 hysteresis loop is also present, indicating that 

the adsorption is not completely reversible, as is typical of micro-mesoporous materials 

[98]. Meanwhile, NCF has a more moderate surface area of 2646 m2/g (although still 

large compared to most nitrogen-doped carbons described in the literature)[99,100]. It 

displays a reversible Type Ia isotherm, indicative of micropore filling in narrow 

micropores but with an absence of mesopores, unlike CF [98]. MSC-30, meanwhile, has 

a surface area only slightly lower than CF at 3354 m2/g, but it instead displays a reversible 

Type Ib isotherm, commonly found in microporous materials with a broad distribution of 

micropore sizes, possibly with some proportion of narrow mesopores [98]. The surface 

area of MSC-30 measured here is in agreement with previously reported values [101]. 

From the uptake graph at 0.99 relative pressure, we can determine the liquid volume of 
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adsorbed nitrogen, which corresponds to the total pore volume. The data shows that CF 

has the largest total pore volume at 2.19 cm3/g (Table 3), compared with only 1.25 cm3/g 

for NCF and 1.82 cm3/g for MSC-30. 

Figure 3b shows the pore size distribution of the samples from NLDFT using 

simultaneous CO2/N2 fitting. It is observed that both CF and NCF have a bimodal pore 

size distribution in the micropore range. They both have a sharp peak with high intensity 

at 0.7 nm diameter, revealing the existence of narrow micropores, and a smaller peak at 

around 1.9 nm. MSC-30, on the other hand, has a smaller and broader peak spanning the 

micropore range. These results are generally in agreement with the isotherm 

classifications mentioned in the previous paragraph. Looking at the cumulative pore 

volume (Figure 3c) in a wider pore size range (up to ~30 nm) further reveals the 

differences between samples. The cumulative pore volume of CF continues to increase 

up to the range of larger mesopores, highlighting its hierarchical pore size distribution. 

Meanwhile, both NCF and MSC-30 are made up almost entirely of micropores, with some 

small proportion of the pore volume of MSC-30 originating from narrow mesopores. 

These findings are also generally in agreement with analysis results using more classical 

methods such as MP and BJH (Figure S6). 

If we consider the ratio of the micropore surface area to the total BET surface area 

(SMic/SBET) and the ratio of the micropore volume to the total pore volume (VMic/VT), it 

can again be seen that the distribution of pores in CF is hierarchical with micropores 

comprising a lower ratio of the total, while NCF is almost completely microporous (Table 

3). MSC-30, like NCF, is also almost completely microporous by this measure, despite 

having larger micropores and some narrow mesopores. Another important measure is the 
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ultramicropore volume VUM, which often dictates the amount of CO2 able to be adsorbed 

by a material [64]. Of the materials in this work, NCF has the largest ultramicropore 

volume, followed by CF and then MSC-30.  

 One of the key findings here is that the nitrogen doping leads to a narrower pore 

size distribution in this case. However, it does not seem that the act of doping itself leads 

to the production of small pores, since the pore distribution of NCF in the micropore range 

(Figure 3b) looks similar to CF. Rather, we observe that the use of the nitrogen-containing 

precursor suppresses the production of larger pores. The mechanism behind this 

observation is not immediately clear, but we speculate that it is related to differences in 

the viscosity of the precursors during synthesis, which would affect the pore-forming self-

blowing process. 

 It is likely that the reason the materials evaluated here are all microporous is 

because they are all synthesized by activation with metal hydroxides. In the case of CF 

and NCF, the materials are “self-activated,” with the sodium hydroxide generated 

during decomposition etching the carbon to form micropores during the single heat 

treatment step [67]. The synthesis protocols of MSC-30 are not publicly available, but 

earlier iterations were reportedly made by dehydration of petroleum coke followed by 

activation using KOH [41]. 

Hydrogen Uptake 

 

Figure 4 shows the excess and total hydrogen uptake capacity at 77 K, up to 9.5 

MPa (see methods for definitions of excess and total uptake). The isotherm profiles 
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suggest that the adsorption mechanism in this case is either via the filling of micropores 

or via monolayer adsorption, where most of the adsorption occurs at low pressure regions, 

followed by a plateau after the micropores are filled/the monolayer is fully occupied. The 

lack of hysteresis indicates that the adsorption is reversible. The adsorption-desorption 

process was cycled a total of three times without intermediate heating or pretreatment 

steps, and the fluctuation in hydrogen uptake is less than ± 5 % (Figure S9). In addition, 

the BET surface area did not change after the measurements. These points confirm that 

structure of the carbon itself is not affected by the adsorption / desorption process.  

The maximum excess hydrogen adsorption for CF is 5.2 wt%, whilst the total 

uptake is 11.0 wt% at 9.5 MPa. This significantly exceeds the ultimate US Department of 

Energy (DOE) targets for onboard hydrogen storage in light-duty vehicles [44], although 

we note that this 5.5 wt% target is for the entire storage system including tanks and cryo-

insulation. The high values are attributed to the large surface area and high pore volume. 

Meanwhile, NCF has a maximum excess hydrogen adsorption of 5.0 wt%, and a total 

uptake of 7.9 wt% at 9.5 MPa. The slightly lower excess uptake is attributed to its smaller 

surface area, while the much smaller total uptake is due to its smaller pore volume, 

allowing the pores to accommodate less bulk gas. The maximum excess hydrogen uptake 

of MSC-30 is 5.6 wt%, which is slightly higher than that of CF, despite the slightly lower 

surface area. This is perhaps due to the higher micropore volume ratio (VMic/VT in Table 

3) in MSC-30 leading to improved interactions with hydrogen. The total uptake for MSC-

30 is 10.1 wt% at 9.5 MPa, which is slightly lower than that of CF. This difference is 

attributed to two factors: i) the smaller pore volume in MSC-30 leading to less gaseous 
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hydrogen storage in the voids; and ii) the faster decrease in excess adsorption of MSC-30 

after reaching its maximum, compared to the more gradual slope in CF. 

This decrease in excess adsorption value after reaching a maximum is an 

interesting behavior caused by saturation. To put it simply, the definition of excess 

adsorption is the difference between the amount of “high density” hydrogen (i.e., 

hydrogen adsorbed on the surface) and the amount of “low density” hydrogen (i.e., 

gaseous hydrogen). After the hydrogen adsorption saturates, the pressure continues to rise, 

leading to an increase in the density of gaseous hydrogen, which in turn lowers the 

apparent excess adsorption value. As such, at 9.5 MPa the excess adsorption capacity of 

MSC-30 and CF are approximately the same because MSC-30 saturates at a lower 

pressure than CF. The later saturation in CF can be explained by it having larger 

mesopores and macropores, which contributes more significantly to adsorption at higher 

pressures [102,103], whereas MSC-30 only has micropores. 

To further probe the importance of pore size distribution, the excess hydrogen 

uptake data was normalized to the surface area ( 

Figure 4c). In this case, NCF has the best normalized adsorption owing to the 

lack of mesopores and macropores, which do not contribute as much to hydrogen 

adsorption capacity. CF has the lowest normalized adsorption because it has a 

hierarchical pore distribution with many mesopores and macropores. MSC-30 is 

somewhere in between because it is not hierarchical like CF but consists of larger 

micropores than NCF. If only the micropore surface area is considered, as in  
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Figure 4d, the difference in uptake between MSC-30 and NCF virtually vanishes. 

This shows that micropore surface area is a more important factor to adsorption in those 

samples than total surface area.  

However, even in  

Figure 4d CF still has lower normalized uptake at pressures below 7 MPa. CF is 

very similar in terms of pore size distribution to NCF other than for the existence of wide 

mesopores (the nitrogen doping does not play a role here).[103] This indicates that the 

wider mesopores in CF (20-30 nm size) somehow lead to lower adsorption per unit 

micropore surface area, seemingly in contrast to findings from a previous study [43]. 

However, although in that work it was observed that hierarchically porous carbons 

enables higher adsorption than exclusively ultramicroporous sorbents, dividing the uptake 

of the materials studied in that work at 1 atm by their respective micropore volumes, a 

similar trend is observed: the hierarchically porous materials accommodate fewer 

hydrogen molecules per available micropore volume. 

Table 4 shows a comparison between the hydrogen uptake of the carbon materials 

evaluated in this study and other porous materials reported in literature at 77 K and 0.1 

MPa (as well as at selected higher pressures reported in the respective studies). At low 

pressures (up to 0.1 MPa), the excess adsorption on NCF outperforms almost every other 

material listed, despite its moderate surface area. This might suggest that in low pressure 

regions, where most adsorbents have not yet saturated, the most dominant factor is pore 

size distribution rather than surface area. In particular, having narrow pores (<1 nm) 

where the hydrogen molecule can experience potential fields from both sides of the pore 

may allow for better binding in NCF [104]. Although NCF is nitrogen doped, several 
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previous empirical and experimental studies have shown that nitrogen atoms doped into 

the carbon matrix do not significantly affect the binding energy between the surface and 

the hydrogen molecules, and thus do not play a role here [103,105,106]. 

With its uptake of 11.0 wt%, CF outperforms e.g., porous aromatic framework 

PAF-1 by over 20%, and even a high-porosity MOF (i.e., IRMOF-20) by more than 10%. 

This comparison confirms that the CF material developed in this work outperforms many 

different porous materials including zeolites, MOFs, and polymer composites in terms of 

total uptake. We also can see that surface area is not the only determining factor at high 

pressures, with some MOFs underperforming compared to slightly lower surface area 

activated carbon materials. Importantly, our material is generated from a low-cost 

precursor (sodium ethoxide) and is generated in a single thermal treatment step, providing 

a further advantage compared to other materials published in the literature. However, CF 

still does not reach the surface area or oxygen content (which is also reportedly important 

[25,87,103]) of some other porous carbons in literature, such as SF-600 [25], leading to 

lower performance. Further optimization of synthesis methods to target those properties 

is planned. 

The room temperature storage capacity of each material was also measured 

(Figure 5). At room temperature, micropore filling is not clearly observed in contrast with 

the case at 77K. This is attributed to the fact that the adsorbate coverage in this case is 

much lower and that the interaction between hydrogen and the carbon surface is weak 

enough that Henry’s law can be applied, i.e., the adsorbed phase is similar to a two-

dimensional ideal gas so the amount of hydrogen adsorbed varies linearly with pressure 

[107]. In terms of excess adsorption, the surface area does not appear to play a large role 
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in determining room temperature adsorption. CF shows very similar performance to NCF 

despite its much larger surface area, both with a maximum excess adsorption of ~0.95 

wt% at 9.5 MPa. MSC30 is outperformed by the other samples with a maximum excess 

uptake of only 0.72 wt% at 9.5 MPa. The results for MSC-30 are consistent with those 

reported in the literature (excess uptake of 0.79 wt% at 10 MPa and 298K, as well as 0.67 

wt% at 10 MPa and 303K), confirming the calibration of our volumetric measurement 

device [38,108]. 

These findings corroborate a previous study on hydrogen physisorption (albeit 

performed on MOFs) which shows that at 298 K, surface area is not a strong predictor of 

hydrogen uptake, and micropores larger than 1 nm are no longer effective for hydrogen 

adsorption [109]. From Figure S10, which is a magnified version of Figure 3c, we see 

that CF and NCF have similarly large cumulative pore volume under 1 nm, allowing them 

both to achieve good excess uptake. On the other hand, MSC-30 mostly only has 

micropores between 1-2 nm and is thus rendered less effective at room temperature. The 

differences caused by pore size distribution can also be observed clearly in Figure 5c 

showing the surface area-normalized uptake: NCF has the highest normalized uptake 

followed by CF and MSC-30, respectively. However, considering the total uptake (i.e., 

the hydrogen gas stored within the pore volume), CF still has the highest total storage 

capacity of 2.50 wt% while NCF has a relatively low total uptake of 1.87 wt%. As such, 

there is a clear tradeoff here between pore volume and pore size distribution. Optimally, 

the best sorbent for room temperature hydrogen uptake would thus have narrow 

micropores while maintaining almost atomically thin walls to maximize the pore volume. 
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The adsorption isotherms (Figure 5) all show a small degree of hysteresis during 

desorption, which is more prominent at 298K due to the lower absolute adsorption values 

measured. This could be attributed to the system not reaching equilibrium (i.e., if the 

desorption step is slower than expected), or a systematic error within the measurement 

equipment (more likely since the magnitude of this hysteresis is similar for all samples).  

 The performance of these carbon materials at 298 K was also compared to those 

reported in literature (Table 5). NCF has the best excess adsorption of all the materials 

listed at ~10 MPa, beating even the excess adsorption capacity of an advanced MOF (NU-

1501-Al) by 20%. Looking at the total uptake, however, CF and NCF are still 

outperformed by NU-1501-Al due its very large pore volume of ~3 cm3/g [110]. 

Nonetheless, the total uptake of our materials is competitive with state-of-the-art synthetic 

materials in literature while being much cheaper and easier to synthesize. 

As explained in the methods section, fitting was also conducted to hydrogen 

adsorption isotherms to better understand the adsorption mechanism. The best performing 

model fits for each sample, their associated absolute uptake isotherms, as well as plots of 

the estimated adsorbed phase densities and volumes can be inspected in more detail in 

Figures S11-S18. Comparing the quality of the fits based on the differences in ELPD 

values (Table S3), hydrogen adsorption on CF can be described by either Unilan, MDA, 

or MDR with similar out-of-sample predictive performance as measured by ELPD. 

Judging from the posterior plots (Figures S12-S13), the 95% credible interval of MDR 

seems to give a better fit to the data compared to Unilan at 298K while being a simpler 

model (i.e., it has fewer fitting parameters), lending more credence to micropore filling 

being the adsorption mechanism. However, the evidence is not particularly strong. For 
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NCF, the results are again inconclusive, with both MDA and Unilan being able to explain 

the isotherms equally well in terms of ELPD. Evaluation of the posterior predictive plots 

(Figures S14-S15), suggests that the 95% credible interval of the Unilan equation does 

not line up with the data as well as that of the MDA equation at 298K, again making it 

more likely that the adsorption happened by micropore filling in the narrow micropores. 

In the case of MSC-30, there is a tie between the Unilan and Toth adsorption model, 

meaning that we can be confident that the adsorption mechanism is similar to monolayer 

adsorption with varying energies, but the distribution of the adsorption energies cannot 

be discerned from the data in this study alone. Although, comparing the credible intervals 

to the data for each fit (Figures S17-S18), Unilan is more consistent with the data, 

indicating a more uniform distribution of adsorption energies. 

Another interesting finding from the model fitting has to do with the density of 

adsorbed hydrogen. When either the adsorbed phase volume or density is set as a fitting 

parameter, the fit quality improves significantly but the probability distribution of the 

adsorbed phase density at higher pressures tends towards values that are larger than solid 

hydrogen density of 0.086 g/cm3. This is in spite of the fact that the prior probability 

distribution assigns 99% of the probability to density values that are smaller than liquid 

hydrogen density (0.0708 g/cm3). Thus, the data shows a strong preference towards these 

solid-like adsorbed phase density values. This can either be a result of actual solid-like 

phases existing in supercritical hydrogen adsorption, as has been suggested by other 

experimental studies [111,112], or it may also be an effect of model misspecification (i.e., 

the equations used may be inadequate to describe supercritical sorption, so the fitting 

parameters tend towards unphysical values to compensate). Either way, further 
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investigation beyond the scope of this study is needed to answer whether the adsorbed 

hydrogen is indeed solid-like or if our current models for understanding subcritical 

sorption no longer works well in the case of supercritical sorption. 

It is also possible to infer the heat of adsorption at different uptake values and 

temperatures from the fitted parameters (Figure 6). The heat of adsorption is derived from 

the isotherm model with the best fit to the measured data, as described in detail in the 

methods section. These models are MDA for the cases of CF and NCF, and Unilan for 

the case of MSC-30, which is why the heat of adsorption in Figure 6 shows a temperature 

dependency only for MSC-30. CF and NCF have similar heats of adsorption, and these 

are lower than the case of MSC-30, for which the value is closest to the ideal value for 

hydrogen storage of 15 kJ/mol [113]. The measured heat of adsorption for MSC-30 is 

consistent with other results from the literature [111], indicating a good model fit and 

accurate measurement. However, there is not a strong correlation between heat of 

adsorption and the maximum excess uptake at 77 K. This is attributed to the fact that the 

heat of adsorption dictates the shape of the isotherm and how rapidly the maximum uptake 

is achieved, but ultimately the maximum adsorbed amount is primarily determined by 

surface area and porosity. 

At 298 K, the trend is different - CF and NCF have similar heats of adsorption 

which are higher than for MSC-30, up to the measured loading of 1 wt%. This trend is 

similar to that observed when comparing excess adsorbed amounts between the samples 

at 298K. This indicates that at 298K, the adsorbed amount is strongly affected by the heat 

of adsorption, which is likely to have a stronger correlation with pore size distribution 

rather than surface area, dictating the maximum adsorbed amount instead.  
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CO2 Capture and Separation 

 The CO2 adsorption-desorption isotherms of the different materials were 

measured at 273 K and 298 K, and the results are shown in Figure 7. First, we discuss the 

results at a relatively low pressure of 0.1 MPa, which is relevant for post-combustion CO2 

capture. At 0.1 MPa and 273 K, CF and NCF show relatively high CO2 uptake capacities 

of 5.65 and 5.79 mmol/g, respectively (corresponding to 24.9 and 25.5 wt%). This is 

significantly higher than the capacity of MSC-30 (4.57 mmol/g, or 20.1 wt%). Increasing 

the temperature to 298 K leads to a decrease in capacity (as expected), but both CF and 

NCF still show a moderate capacity of 3.37 and 3.26 mmol/g, respectively. These values 

at 298 K are higher than for MSC-30 (2.49 mmol/g) and a solidified amine sorbent 

reported in literature (3.02 mmol/g) under the same conditions [114]. 

Meanwhile at a higher pressure of 0.5 MPa (which is more relevant for pre-

combustion CO2 capture), at 273 K CF is the best sorbent with 15.23 mmol/g (67.0 wt%) 

capacity, closely followed by MSC-30 (15.08 mmol/g, or 66.4 wt%) and then NCF 

(14.23 mmol/g, or 62.6 wt%). This poor performance of NCF at high pressure may be 

due to the much smaller pore volume, leading to faster saturation. At 298K, CF still has 

the highest capacity (9.88 mmol/g, or 43.5 wt%) attributed to its significantly larger pore 

volume and surface area. This is followed by NCF (9.51 mmol/g), and finally MSC-30 

(9.25 mmol/g).  

To understand the adsorption mechanism, the isotherms are again fitted with 

different kinds of adsorption equations. It was found from the ELPD values (Table S4) 

that the adsorption on all samples is best described by the MDA equation (Figure S19), 

indicating that the adsorption mechanism is likely to have been micropore filling with 
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heterogeneous energies of adsorption. To further investigate the interaction between CO2 

and the surfaces of the different samples, the heat of adsorption was calculated using the 

parameters of the MDA equation at two different temperatures (Figure 8), although the 

differences between the temperatures are small. Figure 8 shows that CF has a moderate 

adsorption enthalpy of 20 to 27 kJ/mol, NCF shows the highest value of 22 to 30 kJ/mol, 

while MSC-30 shows the lowest enthalpy at 19 to 23 kJ/mol. The generally low 

adsorption enthalpy of these samples indicate that the CO2 uptake can be attributed to 

physisorption, in agreement with the highly reversible desorption isotherms in Figure 7. 

The effect of heat of adsorption is reflected in the surface area-normalized adsorption 

graph (Figure 7b), clearly showing that NCF has the best normalized capacity, followed 

by CF and MSC-30. 

The improved heat of adsorption on NCF is attributed to a combination of (i) a 

better pore size distribution, and (ii) the increased basicity of pyridinic and graphitic 

nitrogen atoms. Pyridinic nitrogen atoms have a lone electron pair while graphitic 

nitrogen has increased electron density in the delocalized π-orbitals, making them both 

good electron donors [61]. This should allow them to interact more strongly with CO2 

molecules, acting as a Lewis base. Meanwhile, simulations by Kumar et al. showed that 

narrow micropores (~0.8 nm diameter) might play a larger role in affecting the isosteric 

heat of adsorption compared to nitrogen doping [61]. This was also corroborated by a 

machine learning study which shows that ultramicropore volume has larger relative 

importance compared to nitrogen content in determining the CO2 uptake capacity of 

carbonaceous materials [64]. 
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The importance of pore size distribution may also provide a simple explanation 

for why CF has a higher enthalpy of adsorption than MSC-30 despite it not being doped 

with nitrogen - it has ultramicropores while MSC-30 does not. However, although CF has 

an almost identical ultramicropore volume to NCF, CF has a lower heat of adsorption. 

This may be caused by only the nitrogen doping, but we speculate that the abundance of 

mesopores which do not interact strongly with the CO2 molecules in CF may contribute 

to this lowered heat of adsorption. 

 To evaluate the feasibility of using these materials in real-world CO2 capture 

applications, the adsorption selectivity of CO2 over other gases is calculated using either 

IAST-simulated isotherms or Henry’s law, as shown in Table 6. More detailed results 

regarding selectivity, including the nitrogen adsorption isotherm at 273K and 298K, as 

well as IAST simulation results across different pressures, can be found in Figures S20-

S23. Compared to MSC-30, both CF and NCF have better CO2/N2 and CO2/H2 selectivity, 

indicating that they may be better for CO2 capture and separation in the context of both 

pre- and post-combustion capture. 

However, our carbon foam materials still underperform compared to some state-

of-the-art materials recently published in the literature, especially in terms of CO2/N2 

selectivity (Table 7). This is partly to be expected because our materials have a large 

proportion of nitrogen-accessible pores, as apparent from the BET measurements. We 

believe that the improvement in selectivity and uptake in NCF could have been even 

larger compared to CF considering nitrogen doping and smaller pores. However, this 

effect is cancelled out by (i) the lower surface area and pore volume, and (ii) the lack of 

mesopores. This second point comes from an experimental observation which showed 
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that mesopores disrupt N2 adsorption significantly more at 298K compared to CO2 

adsorption [115]. Thus, although mesopores are non-conducive to CO2 adsorption, they 

could be important in increasing selectivity. This hypothesis has also been supported 

statistically via a recent deep learning model used to fit large amounts of experimental 

data [116].  

To improve selectivity without sacrificing total uptake capacity in future studies 

we should consider optimization of the synthesis process to maximize the presence of 

ultramicropores without losing overall surface area or pore volume. Although increasing 

the proportion of mesopores might also be a possible strategy to improve selectivity, it 

does come with negative impacts regarding the uptake capacity, which is not desirable. 

Conclusions 

To summarize, we have reported a facile method to synthesize hierarchically 

porous carbon foam (CF) and its nitrogen-doped counterpart (NCF). Both materials have 

very large BET surface area of 3452 m2/g and 2646 m2/g, respectively. A total hydrogen 

capacity of 11.0 wt% was measured for CF at 77 K and 9.5 MPa, exceeding the ultimate 

DOE systems target for light-duty vehicle applications (although not accounting for the 

mass of the tank or cryo-insulation). Even at room temperature, CF displays a total 

hydrogen uptake of 2.5 wt%, which is comparable to other state-of-the-art sorbents in the 

literature. NCF has lower hydrogen uptake due to it having lower overall surface area and 

pore volume. The CO2 adsorption capacity was also investigated, with CF again 

outperforming NCF at high pressure due to the influence of pore volume. However, in 

this case, nitrogen doping resulted in slightly higher selectivity as well as higher isosteric 

heat of adsorption. This study demonstrates the feasibility of using self-activated porous 
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carbons in hydrogen storage applications, although further optimization of pore structure 

is necessary for applications related to CO2 capture. 
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Tables 

Table 1. Synthesis yield after different stages of the synthesis procedure for carbon foam (CF) and nitrogen-
doped carbon foam (NCF).  

Sample 
Yield after 

Mixing 
(wt%) 

Mass After 
Mixing 

(g) 

Yield 
After 

Pyrolysis 
(wt%) 

Mass 
After 

Pyrolysis 
(g) 

Product 
Yield 

(wt%)* 

Product 
Mass 
(g) 

CF N/A N/A 65 13.0 4.2 
(10.1) 0.85 

NCF 86 20.6 47 11.3 5.6 
(12) 1.34 

*Values in parenthesis correspond to the yield of elemental carbon in the final product compared to the 

precursors. 

 

Table 2. Atomic concentration of elements from XPS analysis. The standard error is calculated using a 
Monte Carlo method available within the software CasaXPS.[117]  

 Relative Abundance (at%) 
Sample C N O Na 

CF 93.4±2.3 1.1±2.3 4.4±0.9 1.1±0.4 
NCF 87.6±1.6 7.0±1.5 5.2±0.7 0.2±0.3 

MSC-30 97.1±2.0 0.4±1.8 2.5±0.8 N/A 
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Table 3. Textural properties of the different carbon samples. 

Sample SMic
a
 

(m2/g) 

SBET
b
  

(m2/g) SMic/SBET VMP
c 

(cm3/g) 
VUM

d 

(cm3/g) 
VMic

e 

(cm3/g) 
VT

f 

(cm3/g) VMic/VT 2tg 
(nm) 

CF 3156 3452 0.93 1.64 0.26 

1.14 

(1.61) 
2.19 0.74 1.01 

NCF 2704 2646 1.03 1.22 0.28 

0.98 

(1.17) 
1.25 0.94 0.86 

MSC-

30 
3166 3354 0.95 1.77 0.13 

1.04 

(1.68) 
1.82 0.92 1.06 

 

a. Micropore surface area determined using de Boer’s t-plot method; b. Total surface area determined using BET 

method with Rouquerol’s criteria used to select fitting pressure range (Figure S7); c. Micropore volume determined 

using the MP method; d. Ultramicropore volume from NLDFT using dual gas analysis (CO2/N2); e. Micropore volume 

from NLDFT (in brackets: micropore volume from t-plot, with fits shown in Figure S8); f. Total pore volume from the 

amount of cryogenic N2 uptake at P/P0=0.99; g. Peak micropore diameter from t-plot. 
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Table 4. Comparison of hydrogen uptake at 77K for various porous adsorbents reported in the literature. 

Sample 
SBET 

(m2/g) 

Excess uptake 

at 0.1 MPa 

(wt%) 

Total uptake at 

high pressure 

(wt%) 

Reference 

CF 3452 2.69 11.0 (9.5 MPa) This study 

NCF 2646 2.73 8.1 (9.5 MPa) This study 

MSC-30 3354 2.76 10.3 (9.5 MPa) This study 

PIM-1/MIL-101 (Cr) 2347 1.73 - [118] 

PAF-1 3787 1.43 9.18 (10 MPa) [119] 

KOH-activated olive stones 1173 2 2.96 (2.5 MPa) [19] 

Ion-exchange resin derived 

carbon 
2561 2.5 3.5 (1 MPa) [120] 

MOF-5 3512 - 8 (10 MPa) [121] 

IRMOF-20 4073 - 10 (10 MPa) [121] 

MCM-41 1060 0.51 2.01 (3.5 MPa) [28] 

HKUST-1 1009 1.95 - [122] 

Used Cigarette Filter (SF-4600) 4310 4.0 11.2 (4.0 MPa) [25] 
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Table 5. Comparison of hydrogen uptake at 298K with other porous materials reported in the literature. 

Sample 
SBET 

(m2/g) 

Excess uptake 

(wt%) 

Total uptake 

(wt%) 
Reference 

CF 3452 
0.94 (9.5 

MPa) 
2.50 (9.5 MPa) This study 

NCF 2646 
0.95 (9.5 

MPa) 
1.87 (9.5 MPa) This study 

MSC-30 3354 
0.72 (9.5 

MPa) 
2.04 (9.5 MPa) This study 

MSC-30 3244 0.79 (10 MPa) - [108] 

MSC-30 [303K] 3306 0.67 (10 MPa) - [38] 

Ni-doped MCM-41 1214 
0.68 (9.5 

MPa) 
- [123] 

NU-1501-Al 7310 0.8 (10 MPa) 2.9 (10 MPa) [110] 

NU-1500-Al 3560 - 2 (10 MPa) [110] 

Pt/C and MIL-101 Composite 1780 1.5 (100 MPa) 6.1 (100 MPa) [124] 

Ion-exchange resin derived 

carbon 
2539 0.8 (20 MPa) - [120] 

Pd/ZIF-8 1709 0.35 (10 MPa) - [125] 

HKUST-1 1296 0.35 (10 MPa) - [126] 

MIL-101 2931 0.51 (10 MPa) - [126] 

COF-1 628 0.26 (10 MPa) - [126] 
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Table 6. Selectivity of the samples under different conditions. 

Sample 
CO2/N2 at 273K CO2/N2 at 298K CO2/H2 at 298K 

IASTa Henry’s Law IASTa Henry’s Law IASTb 

CF 10 9 9 9 63 

NCF 14 11 10 9 63 

MSC-30 8 7 7 6 56 

a. Values taken at 100 kPa; b. Values taken at 500 kPa. 

 

Table 7. Comparison of CO2 uptake and selectivity between the porous carbons measured in this study and 
those reported in the literature. 

Sample 

Name 

VMeso 

(cm3/g) 

VMic 

(cm3/g) 

VUM 

(cm3/g) 

BET 

SSA 

(m2/g) 

CO2 

uptake at 

273K and 

100 kPa 

(mmol/g) 

CO2 

uptake at 

298K and 

100 kPa 

(mmol/g) 

CO2/N2 

selectivity 

at 273K 

Reference 

CF 0.55 1.61 0.26 3452 5.65 3.37 9 This study 

NCF 0.03 1.17 0.28 2646 5.79 3.26 11 This study 

MSC-30 0.05 1.68 0.13 3354 4.57 2.49 7 This study 

PC-1-3 0.862 0.513 0.039 2424 4.1 2.66 9.6 [127] 

PC-2-3 1.361 0.485 0.381 1829 5.03 3.13 15.4 [127] 

NET2-1-

700-2 
0.11 0.64 0.27 1411 6.3 3.7 22.5 [128] 

NET2-2-

700-2 
0.21 0.90 0.20 2091 5.2 2.9 19.9 [128] 

PBZC-3-

700 
0.01 0.64 0.58 1065 7.10 4.43 34 [129] 

PBZC-3-

800 
0.08 0.78 0.63 1414 8.44 4.98 37 [129] 
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Figures 

Figure 1. SEM images of CF (a, b), NCF (c, d), and MSC-30 (e, f) at two different magnifications. 
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Figure 2. NCF XPS N1s spectrum with deconvolution.  
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Figure 3. (a) N2 adsorption-desorption isotherms at 77K, (b) pore size distribution from NLDFT, (c) 
cumulative pore volume from NLDFT. 
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Figure 4. Hydrogen uptake at 77 K: (a) excess hydrogen uptake (measured); (b) total hydrogen uptake 
(calculated from Eq. 1); (c) excess hydrogen uptake normalized to surface area; and (d) excess hydrogen 
uptake normalized to the micropore surface area.  
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Figure 5. Hydrogen uptake at 298 K: (a) excess hydrogen uptake (measured); (b) total hydrogen uptake 
(calculated from Equation 1); (c) excess hydrogen uptake normalized to surface area.  
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Figure 6. Variation in the heat of adsorption with absolute adsorption and temperature. The heat of 
adsorption for MSC-30 is calculated using the Unilan equation, which is temperature-dependent. 
Meanwhile, the heats of adsorption for CF and NCF are calculated from the MDA equation, which is 
independent of temperature. The dashed lines indicate 95% credible intervals calculated from the model 
parameters.  

 

Figure 7. (a) CO2 adsorption (filled symbols) and desorption (unfilled symbols) data up to 0.5 MPa and 
(b) normalized to surface area.  
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Figure 8. Heat of adsorption of the different carbon materials at various CO2 loadings at (a) 273 K and (b) 
298 K. The dashed lines indicate the 95% credible intervals from uncertainties in the MDA model 
parameters.  

 

Figure 9. Bar charts comparing the adsorption performance of different samples. 
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