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� The BET area and microporosity of

biochar can reach 2801.88 m2/g

and 96.56%.

� The factors affecting the conver-

sion of carbon nanopores were

clarified.

� Hydrogen uptake of biochar at

�196 �C was 2.53 wt% at 1 bar and

5.32 wt% at 50 bar.

� The relationship between pore

structure and hydrogen storage

capacity was discussed.

� The hydrogen adsorption of the

graded pores under different

pressures was analyzed.
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Developing new carbon-based hydrogen storage materials can significantly promote solid-

state hydrogen storage technology. Biochar with high hydrogen storage capacity can be

prepared by KOH melt activation, which has a high proportion of micropores (96.56%)

compared with the porous carbon in the existing literature. Its specific surface area and

pore volume are 2801.88 m2/g and 1.44 cm3/g, respectively. The size of the nanopores is

affected by the activation ratio, but the temperature has little effect at the low activation

ratio. SEM results show that the KOH activation process gradually shifts from the biochar's

inside to the outside. A low KOH/char ratio (less than 2:1) can promote the formation of

small aromatic rings. Due to its high specific surface area and microporosity, the absolute

adsorption capacity of hydrogen in biochar is 2.53 wt% at �196 �C and 1 bar, rising to

5.32 wt% at 50 bar. The hydrogen adsorption process conforms to the Langmuir model.
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Hydrogen storage
Isothermal adsorption model
Microporous, mesoporous, and macroporous exhibit different hydrogen adsorption char-

acteristics in various pressure ranges. However, ultramicroporous (<0.7 nm) always plays a

decisive role in the hydrogen storage of biochar.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

As a zero-carbon and sustainable clean energy, hydrogen en-

ergy occupies a vital position in the energy architecture to

achieve carbon neutrality. However, the hydrogen storage is-

sues seriously restrict the further development of the

hydrogen energy industry. Traditional high-pressure

compression and ultra-low temperature liquid storage

methods face two core bottlenecks: high cost, low efficiency

and poor safety [1]. Using solid materials for hydrogen

adsorption is considered a safer andmore economicalmethod

[2,3]. At present, solid hydrogen storage materials are mainly

divided into metal hydrides, composite hydrides, metal-

organic frameworks (MOFs), and carbon-based nano-

materials. The theoretical hydrogen storage capacity of the

first three materials is high, but the disadvantages of low

hydrogen storage capacity per unit weight, high hydrogen

desorption temperature and slow desorption kinetics, easy

inactivation, and high regeneration cost limit their large-scale

preparation in the future. Carbon-based materials have the

advantages of low density, large surface area, high chemical

stability, and fast adsorption/desorption kinetics [4e7], which

are the critical research objects of solid hydrogen storage

materials.

Renewable and low-cost biomass not only enables the

preparation of activated carbon with high adsorption perfor-

mance, but also has proven to have high potential for

hydrogen storage [8e11]. For example, Kızılduman et al. [3]

synthesized porous carbon spheres by hydrothermal carbon-

ization of rice husks, and the hydrogen storage capacity was

determined to be 1.1 wt% at �196 �C and 30 bar. Rowlandson

et al. [8] found that activated carbon from lignin had a high

surface area (>1000 m2/g) and a hydrogen storage capacity of

1.8 wt% at �196 �C and 1 bar. And Wang et al. [12] prepared

fungus-based porous carbon, achieving excellent hydrogen

absorption of up to 2.4 wt% at �196 �C and 1 bar.

Most studieshave found that thehydrogen storage capacity

of carbon-based materials is linearly related to their specific

surface area [9,13e15]. Chahine et al. [16,17] showed that the

maximum hydrogen storage capacity of carbon-based mate-

rials at �196 �C is related to its specific surface area, and the

hydrogenstorage capacity per 500m2/g BET surface area is 1wt

%. Zhang et al. [18] used biomass pyrolysis steamas the carbon

source and prepare a porous carbon with a maximum specific

surface area of 1703m2/g. Thehydrogenadsorption capacity of

the carbon material could reach 170.12 cm3/g (1.53 wt%) at

�196 �C and 1 bar. The above results show that the hydrogen

storage using biochar material does not strictly follow Cha-

hine's rule, and its adaptability needs to be further discussed.

The optimal pore size for the adsorption of carbon-based

materials varies with the adsorption medium. Cabria et al.
[19] found that the optimal pore size for hydrogen adsorption

in activated carbon at room temperature was about 0.6 nm,

and theoretical studies showed that 0.5e0.7 nm or two or

three times the diameter of hydrogen molecules was the

optimal size for hydrogen storage [20e22]. In addition, the

increase in the average micropore size can effectively reduce

the adsorption potential of hydrogen. A pore size greater than

0.7 nm can also effectively improve the hydrogen storage ca-

pacity under low-temperature conditions [23]. Therefore, it is

necessary to accurately construct sub-nanometer pores and

increase the proportion to achieve high hydrogen storage ca-

pacity of carbon-based materials. Romanos et al. [24] experi-

mentally demonstrated that the amount of sub-nanometer

(<1 nm) and nanoporosity (1e5 nm) of char could be

controlled by selecting the appropriate activation temperature

and KOH/char ratio. Nam et al. [25] used the KOH activation

method to prepare rice husk-based carbon materials with

high adsorption performance. Huang et al. [26] successfully

prepared activated carbonmaterials with amaximum specific

surface area of 3400 m2/g by KOH activation and found that

their specific surface area increasedwith the increase of KOH/

char ratio and had high hydrogen storage capacity at low

temperature and pressure. Dogan et al. [27] used KOH acti-

vated tangerine peel to synthesize activated carbon samples,

and the hydrogen storage capacity at�196 �C low temperature

at 30 bar pressure is 1.11 wt%. In summary, the biochar ma-

terials with a specific hydrogen storage capacity can be pre-

pared by KOH activation. Whereas the relationship between

the pore structure parameters and the hydrogen storage ca-

pacity of biochar needs to be further explored for an in-depth

understanding of the activation process to regulate the pore

structure to strengthen its hydrogen storage capacity.

In this study, the thermochemical conversion process of

straw is regulated by changing the activation temperature and

KOH/char ratio. And themutual conversion of sub-nanometer

and nanopores is handled, aiming to achieve high-density

hydrogen storage of biochar materials. Before and after the

experiment, AAEMs that may have potential impact were

removed by pickling, and the relationship between the pore

structure of biochar and its hydrogen storage capacity was

clarified, so as to further optimize the solid hydrogen storage

system and improve its commercial feasibility. Finally, the

high-value utilization of biomass is realized.
Experimental and methods

Materials

The corn strawproduced in the surrounding areas of Harbin in

China, which was selected as raw material. The biomass was

crushed and sieved to 53e125 mm, dried at 105 �C for 12 h to
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Table 1 e Proximate analysis and ultimate analysis of corn straws.

Sample Proximate analysis (wt.%) Ultimate analysis (wt.%)

Mad Aad Vad FCad Cad Had Oad,* Nad Sad

Corn straws 9.40 1.30 71.00 18.30 43.28 5.60 50.39 0.63 0.10

Note: ad ¼ air dry basis, * ¼ by difference.

Table 2 e Relative content of metals and metal oxides in corn straws (wt.%).

Na Mg Al Si P S K Ca Cr Fe Cu

Corn straws 0.20 0.20 0.02 0.58 0.12 0.07 2.66 0.72 0.03 0.04 0.02

Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Cr2O3 Fe2O3 CuO

Corn straws 0.27 0.33 0.03 1.21 0.25 0.16 2.76 0.80 0.03 0.04 0.02

Fig. 1 e Thermal conversion experimental system of biochar.

Table 3 e Experimental working conditions and sample
codes.

Sample Temperature (�C) KOH/char Sample mass (g)

H-biochar 700 1：1 2

H-biochar 800 1：1 2

H-biochar 900 1：1 2

H-biochar 1000 1：1 2

H-biochar 900 2：1 2

H-biochar 900 3：1 2

H-biochar 900 4：1 2
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obtain the raw material. The ultimate analysis and proximate

analysis of biomass are shown in Table 1. XRF (X-ray Fluo-

rescence) tests were also performed on corn straws, and the

relative content of metals and oxides is shown in Table 2.

Biochar preparation, pickling, and activation

The dried corn straw is pyrolyzed and carbonized in a

constant-temperature tube furnace. The temperature is heat-

ed to 600 �C at a heating rate of 10 �C/min under a nitrogen

atmosphere of 1 L/min. Each experiment is loaded with

4 ± 0.010 g sample using a quartz boat. As shown in Fig. 1, the

quartz boat containing the sample is placed in the center area

of the tube furnace, and the experiment is started after 20min

ofnitrogenpuffing.When the temperature reaches600 �C,hold
it for 30min, and then quickly push the sample into the cooling

sleeve on the right and take it out after cooling it down for

20min.

To avoid the effect of AAEMs on KOH-activated biochar, the

prepared biochar was mixed with 0.2 mol/L H2SO4 solutions

according to the liquid-solid ratio of 40:1 and stirred in an air

atmosphere for 24 h at room temperature in amagnetic stirrer

[28,29]. The mixture is filtered and washed repeatedly with

deionized water until the PH of the wash solution is constant.

After the sample is dried, the H-biochar (H-type) is obtained.

The activation conditions of KOH and H-biochar are shown

in Table 3. The CO2 activation produced by the dissolution of
SiO2 in char by KOH and the decomposition of K2CO3, and the

expansion of the carbon lattice by metal K in the carbon sheet

layer promote the development of pores [24,30]. During the

activation process, the active components such as K2O, K2CO3,

and gaseousmetal K are affected by the ratio of KOH/char and

the change in temperature range, thereby acting on the pore

development of char [31]. Therefore, we select the ratio of

KOH/char from 1:1 to 4:1 in different temperature intervals to

study its effect on porosity.

The atmosphere during KOH activation is N2, the gas flow

rate is 1 L/min. The sample amount is 2 ± 0.010 g per experi-

ment, and the samples are loaded with nickel crucibles. The

quartz tube of the tube furnacewas replacedwith a corundum

tube, the sample was mixed with a certain mass ratio of KOH

and fully ground in the crucible. The nickel crucible containing

https://doi.org/10.1016/j.ijhydene.2023.03.084
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the sample was placed in the central area of the tube furnace,

and the experiment was started after purging through N2 for

20min, and the heating rate was 5 �C/min. When the specified

temperature is reached, it is maintained for 30min, and then

cooled to below200 �C at a cooling rate of 5 �C/min. The sample

is quickly pushed into the cooling sleeve on the right, and the

sample is taken out after 20min cooling. To avoid the influence

of the residual K-containing substances after activation on the

subsequent hydrogen storage test, the collected samples were

mixedwith a 0.2 mol/L H2SO4 solution with a liquid-solid ratio

of 40:1 and stirred in an air atmosphere for 4 h in a magnetic

stirrer at room temperature. The mixture is filtered and

washed repeatedly with deionized water until the pH of the

wash solution is constant. After the sample is dried, the final

biocharmaterial is obtained. Thenameof the sample is CS-A-B

(A refers to temperature, B refers to activation ratio). For

example, CS-900-1 represents biochar obtained after activa-

tion at 900 �C and KOH/char at 1:1.

Material characterization

Nitrogen adsorption and desorption experiments were per-

formed using BSD-PM high-performance specific surface area

analyzer (A Company named Beijing Best) at �196 �C. The

sample was degassed at 250 �C for 180 min, and the specific

surface area was calculated using the Brunauer-Emmett-

Teller (BET) method. The pore size distribution of the carbon

material was determined by the Barrett-Joyner-Halenda (BJH)

method and the Horvath-Kawazoe (HeK) method [32].

Use a scanning electron microscope (SEM, Regulus 8100) to

observe the apparentmorphology of biochar. The accelerating

voltage is 0.5e30 kV, and the secondary electron resolution is

0.8 nm (accelerating voltage 15 kV). Some areas with typical

topographic structures are characterized by amagnification of

50,000 [33].

The thermal stability of activated biochar materials was

determined by a thermogravimetric analyzer (TGA/SDTA851e,

Mettler-Toledo) operating at atmospheric pressure. The

measurement temperature is 25 �C to 900 �C in air atmosphere

(30 mL/min), the heating rate is 10 �C/min, and the dosage is

6 ± 0.050 mg each time.

Raman spectroscopy (inVia Reflex) is used to test the car-

bon skeleton structure of biochar. The laser wavelength tested

was 532 nm and the scanning range was 4000e400 cm�1.

Spectra in the range of 1800e1000 cm�1 were analyzed.

Hydrogen uptake measurements

Before measurement, the sample is degassed in a vacuum at

300 �C for 120 min. Hydrogen physical adsorption isotherms

with temperatures of �196 �C and pressure ranges of 1e50 bar

are collected using a PSD-PH device. The automatic constant

system on the surface of liquid nitrogen maintains a test

temperature stability of �196 �C, the pressure accuracy of the

device reaches 0.01% FS, and the temperature control accu-

racy is ±0.1 �C.
The calculation method of the excess adsorption capacity

of hydrogen measured by the experiment and the absolute

adsorption capacity converted is as follows. The excess

adsorption amount mex can be calculated by Equation (1). The
adsorption phase density of hydrogen is calculated by Equa-

tion (2), and finally, the absolute adsorption capacity of

hydrogen is calculated by Equation (3).

mex ¼Dm�msc �ms þ ðVsc þVsÞrg (1)

Vex ¼ VLP
PL þ P

�
�
1� rg

ra

�
(2)

mabs ¼mex

��
1� rg

ra

�
(3)

mex indicates theexcessadsorptioncapacityofhydrogen, g;

Dm represents the reading of the maglev balance, g; msc in-

dicates themass of the sample barrel, g; ms suggests themass

of the sample, g; Vsc represents the reading of the maglev

balance, g; msc indicates the mass of the sample barrel, g; ms

suggests the mass of the sample, g; Vsc represents the volume

of the sample barrel, cm3; Vs indicates the volume of the

sample, cm3; rg indicates the density of hydrogen gas at

different pressure points, g/cm3; Vex indicates the excess

adsorption volume, cm3/g; VLmeans Langmuir volume, cm3/g;

PL stands for Langmuir pressure, MPa; P indicates the experi-

mental pressure,MPa; ra: Theadsorptionphasedensity, g/cm3,

the attached adsorption phase density value is between the

critical density and the atmospheric boiling point liquid den-

sity; mabs indicates the absolute adsorption capacity of

hydrogen, g.

The experimental data obtained were described using

Freundlich, and Langmuir adsorption models to deeper un-

derstand the relevant factors affecting H2 adsorption capacity,

which was mathematically formed as equations (4) and (5)

[34,35]:

Q ¼KF,P
1
n (4)

Q ¼
PN
i¼1

QeKLP

1þ KLP
(5)

Q refers to the equilibrium amount of hydrogen adsorbed

per unit of adsorbent at equilibrium pressure P, KF is a

Freundlich adsorption equilibrium constant, n is a

temperature-dependent parameter, generally n� 1. N refers to

the number of different adsorption regions; Qei refers to each

adsorption region's maximum hydrogen adsorption capacity;

KLi refers to the Langmuir adsorption equilibrium constant of

the adsorption region i.
Results and discussions

To obtain the properties of biochar samples before and after

activation, N2 adsorption, thermogravimetry and hydrogen

adsorption tests were performed. Some of the test results are

summarized in Fig. 2.

Specific surface area and pore size distribution

To better analyze the pore structure changes of biochar ma-

terials during the activation process, we performed nitrogen

https://doi.org/10.1016/j.ijhydene.2023.03.084
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Fig. 2 e Physicochemical properties of biochar samples (A) Nitrogen adsorption isotherm (B) TG Curves at different activation

temperatures (C) Absolute adsorption curve of hydrogen (D) Pore size distribution (E) TG curves of different KOH activation

ratios (F) Excess adsorption curve of hydrogen.
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adsorption tests on corn straw, pyrolyzed biochar at 600 �C,
samples after pickling, and biochar with different activation

temperatures and KOH activation ratios. Fig. 2(A) shows that

the adsorption and desorption curves of biochar under

different activation conditions are typical I curves. The pore

structure parameters of biochar are summarized in Table 4.

Table 4 shows that the BET area of original CS-biomass is

only 1.05 m2/g, and there are almost no micropores. The pre-

cipitation of volatile gases during pyrolysis at 600 �C develops

the specific surface area of straw to a certain extent and pro-

motes the growth of microporous pore structure. Compared

with CS-biomass, the average pore size of pyrolysis char at

600 �C has been significantly reduced. After the pickling
Table 4 e Porous structural properties of the biochar samples.

Samples aBET surface
area (m2/g)

bAmicro

(m2/g)

cAmeso

(m2/g)

CS-biomass 1.05 0 1.05

CS-char 10.10 7.23 2.87

CS-H-char 168.46 137.45 31.01

CS-700-1 803.85 785.74 18.11

CS-800-1 1007.61 972.85 34.77

CS-900-1 1116.69 1077.10 39.59

CS-1000-1 1155.04 1132.88 22.17

CS-900-2 1951.88 1893.25 58.64

CS-900-3 2521.93 2455.02 66.91

CS-900-4 2801.88 2705.35 96.53

a Brunauer, Emmett and Teller (BET) method.
b Determine by the t-plot method.
c Obtained by the difference: Mesopore ¼ Total pore-Micropore.
d Determine at relative pressure P/P0 ¼ 0.99.
e Determine by the HeK method.
f Adsorption average pore diameter (4 V/A by BET).
g BJH desorption average pore diameter (4 V/A).
treatment of H2SO4, the BET area of CS-char has been

dramatically improved, indicating that the ash removal

treatment will increase the specific surface area of biochar.

This may be due to the reaction of H2SO4 with calcium com-

pounds in biochar while removing some soluble inorganic

salts and exchangeable metal ions (Na, K, etc.). Removing

inherent minerals embedded in the coal opens up some

clogged internal pore structures. Zhao et al. [36] also found

that treating the coal sample with acetic acid and acetic acid

enriched the coal pore structure, increasing the coal sample's
specific surface area.

Using pickled biochar with a good pore structure as the

initial sample can provide more reaction sites for subsequent
dVtotal

(cm3/g)

eVmicro

(cm3/g)

cVmeso

(cm3/g)
Average
Pore size

fd1/
gd2 (nm)

0.006 0 0.006 20.99/16.88

0.011 0.003 0.008 4.36/8.99

0.11 0.06 0.05 2.70/4.60

0.36 0.31 0.05 1.79/4.10

0.47 0.40 0.07 1.86/3.83

0.54 0.45 0.09 1.94/3.47

0.51 0.46 0.05 1.77/3.13

0.93 0.82 0.11 1.91/2.70

1.20 1.10 0.10 1.91/2.33

1.44 1.30 0.14 2.06/2.37

https://doi.org/10.1016/j.ijhydene.2023.03.084
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Fig. 3 e (A) Biochar sample micropores and micropore volume ratio (B) Biochar sample micropore average and maximum

pore size.
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activation processes. The surface area of the biochar samples

obtained under different activation temperatures and KOH

activation ratios was 168.46m2/g ~2801.88m2/g, and the value

span was significant, indicating that different activation

carbonization treatments had a significant effect on the pore

structure characteristics of biochar. In the activation tem-

perature range of 700e1000 �C, with the increase of tempera-

ture, the growth range of BET area and microporous area of

char gradually weakens. The BET area of biochar increased by

4.77, 5.98, 6.63, and 6.86 times compared with CS-H-char for

each additional 100 �C from 700 �C. For biochar samples under

different KOH activation ratios, the micropores have been

extensively developed. The activation ratio was from 1:1 to

4:1, and the BET area of biochar expanded from 6.63 times to

16.63 times.

As the 0.5e0.7 nm is the optimal size for hydrogen storage.

We focused on biochar samples' micropores and micropore

volume ratio during activation. Fig. 2(D) shows that the most

activated biochar pore size is concentrated in ultra-

micropores. Supermicropores (0.7e2 nm) and mesopores also

develop with the increased activation ratio. The average

diameter and maximum diameter of micropores below 2 nm

were analyzed using the HeK method, and the results are

shown in Fig. 3. Fig. 3(A) shows that the proportion of biochar

micropore area has significantly improved after activation.

The proportion of biochar micropore area after activation

under different conditions is between 96.46% and 98.08%.

There is no noticeable change law between the proportion of

micropore area and the activation parameters. But generally,

the ratio of micropore area is maintained at a high level.

Similarly, there is no evident change law for the micropore

volume ratio and activation temperature and KOH activation

ratio of biochar, but the averagemicropore volume ratio under

different KOH activation ratios is more significant than that

under different activation temperatures.

Fig. 3(B) shows that the average pore size and maximum

pore size of biochar pores within 2 nm at different activation

temperatures vary very little, with an average pore size of

0.58e0.59 nm and a maximum pore size of 0.51e0.52 nm. The

results show that the activation temperature has little effect

on regulating sub-nanometer pore structure. However, with

the increase in the KOH activation ratio, biochar pores'
average and maximum pore size increased monotonically.

When the ratio of KOH/char was 4, the average pore size and

maximum pore size were 0.76 nm and 0.63 nm, respectively.
Scanning electron microscope

SEM tests were carried out to study the effects of activation

temperature and KOH/char ratio on the surfacemorphology of

biochar. The specific results are shown in Fig. 4. Only four

samples of CS-H-char and CS-700-1, CS-900-1, and CS-900-3

were selected for comparative analysis in this section.

From Fig. 4(A-D), the pores of straw biochar show a bundle-

like structure, the surface is composed of many multi-layer

pores, and the scanning electron microscope shows that the

average pore size of char decreases sequentially. And the

process of KOH activation is gradually expanding from the

inner surface of biochar to the outer surface from the change

in biochar surface morphology. When the pores of the inner

surface develop to a certain extent, regular circular pores

begin to appear on the outer surface.

From Fig. 4(A-a) and (A-c), the surface of the original py-

rolytic char is relatively smooth, some of the surfaces have

cracks, and the scanning electron microscope shows that the

average pore size is about 4.17 mm. However, the micropores

cannot be directly observed from the SEM photos. Fig. 4(A-b)

shows that the pore structure of the internal char surface has

been developed to a certain extent due to the precipitation of

volatile gases. Some biochar's inner surface is loose and

rough, and its microporous specific surface area accounts for

81.59%. The micropore volume accounts for 54.55%, providing

a pore basis and reaction site for the subsequent KOH acti-

vation process.

From Fig. 4(B), the surface cracks and pores of biochar after

KOH activation increase, and the surface of the activated

biochar part begins to become rough from Fig. 4(B-c). How-

ever, the outer surface as a whole is still in a relatively smooth

state. The average pore size of scanning electron microscopy

shows that the average pore size is about 1.82 mm, which is

significantly lower than that of unactivated biochar, which is

consistent with the average pore change law in the nitrogen

adsorption test data in Table 4. The specific surface area of

micropores accounted for 97.75%, and the volume of micro-

pores accounted for 86.11%, which indicates that KOH acti-

vation mainly increased the micropore structure.

From Fig. 4(C), with the further increase of activation

temperature, the biochar surface gradually becomes rough,

and the broken regular circular pore structure begins to

appear. The biochar scanning electron microscope at 900 �C
shows that the average pore size is about 1.74 mm, slightly

https://doi.org/10.1016/j.ijhydene.2023.03.084
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Fig. 4 e SEM analysis results of biochar samples (A) H-600-char (B) CS-700-1 (C) CS-900-1(D) CS-900-3.
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reduced compared to 700 �C. At this time, the specific surface

area of micropores accounts for 96.46%, and the micropore

volume accounts for 83.33%.

From Fig. 4(D), the biochar pores have been developed very

thoroughly with further increase of the KOH activation ratio.

Many regular circular pore structures have appeared on the

outer surface. For prominent loose porous structures, KOH

activation sites are distributed on biochar's inner and outer

surfaces. Biochar scanning electron microscopy shows that

the average pore size is about 1.16 mm, the specific surface area

of micropores accounts for 97.35%, and the microporous
volume accounts for 91.67%. The regular macroporous-

mesoporous-microporous structure is conducive to the

adsorption of hydrogen.

Thermogravimetric analyzer test

The thermal stability of biochar samples was analyzed using

an atmospheric thermogravimetric analyzer. Due to the fluc-

tuations caused by the heating of the experimental instru-

ment and the introduction of gas initially, we considered

selecting data in the range of 100e900 �C for analysis (biochar
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Fig. 5 e TG and DTG curves for thermogravimetric analysis testing of biochar. (a) CS-700-1 (b) CS-800-1 (c) CS-900-1 (d) CS-

1000-1.

Fig. 6 e Characteristic temperature corresponding to

different weight loss rates of biochar samples.
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samples before 100 �C are mainly in the dehydration stage).

Before each experiment, the samples dried at 105 �C for 12 h.

Therefore, we believe that this treatment will have no impact

on the overall data analysis. To ensure the reliability of

experimental results, we carry out repeated experiments

under most working conditions.

Effect of activation temperature on thermal stability of biochar
The TG and DTG curves of biochar prepared at different acti-

vation temperatures are shown in Fig. 5, it shows that the

temperature range of the reaction of biochar prepared at

different temperatures is 300e700 �C. Below 900 �C, the DTG

curve of biochar has two prominent peaks, and when the

temperature reaches 1000 �C, the peak of the reaction becomes

one. With the increase of the activation temperature, the

temperature range of the biochar reaction gradually narrowed

and theTpofDTGgradually increased from493.6 �C to 621.5 �C.
Since the specific surface area of biochar activated at different

temperatures is between 803.85 and 1155.04 m2/g, the specific

surface area is not much different. Combined with our previ-

ous research [37e39], for carbon-based materials with similar

pore structures, the chemical properties of biochar mainly

affect its reactivity.With the increasedactivation temperature,

the reactive ingredients that are easy to react at this time are

gradually consumed, and the reactivity is steadily weakened.

To further observe the thermal conversion characteristics

ofbiochar,wecompared thecharacteristic temperatureswhen

the weight loss rate of biochar was 0.3, 0.5, and 0.7; the results

are shown in Fig. 6. It shows that the characteristic tempera-

ture of biochar materials prepared at different temperatures

increases with the activation temperature, regardless of the

first, middle and last stages of the reaction. With the same

conversion rate, compared with the biochar prepared at
1000 �C, the characteristic temperature of the biochar samples

prepared at different temperatures is quite different.

Effect of KOH activation ratio on thermal stability of biochar
The TG and DTG curves of biochar prepared with different

KOH activation ratios are shown in Fig. 7, it shows that the

temperature range of the reaction of biochar prepared by

different KOH activation ratios is also 300e700 �C. When the

ratio of KOH/char exceeds 1:1, the peak of the DTG curve re-

action of biochar becomes one. Different from Fig. 6, the

temperature interval of the biochar prepared by different KOH

activation ratios gradually narrows, and this interval is shifted

to the low-temperature region. With the KOH activation ratio

increase, the Tp of DTG gradually decreased from 592 �C to

528.6 �C. Since the specific surface area of biochar activated at

different temperatures is between 1116.69 and 2801.88 m2/g,
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Fig. 7 e TG and DTG curves for thermogravimetric analysis testing of biochar. (a) CS-900-1 (b) CS-900-2 (c) CS-900-3 (d) CS-

900-4.
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the specific surface area difference between different biochar

materials is considerable. So the pore structure parameters

play a leading role in the reactivity of biochar in the reaction

stage, and our previous research also has a similar

phenomenon.

Fig. 8 shows that the characteristic temperature of biochar

materials prepared with different KOH activation ratios de-

creaseswith the increase of KOH activation ratio, regardless of

the first, middle and last stages of the reaction. Different from

Fig. 6, the characteristic temperature difference of biochar

samples prepared by different KOH activation ratios is small.

Raman spectroscopy

The Raman spectra of all biochar samples exhibited distinct G

and D bands [40,41]. The Raman spectrum of biochar was
Fig. 8 e Characteristic temperature corresponding to

different weight loss rates of biochar samples.
divided into five peaks, namely G, D1, D2, D3, and D4 [42,43].

Fig. 9 shows the peak fitting results of CS-700-1 Raman

spectra, and Table 5 shows the fitting parameters of Raman

spectra.

The ID1/ID3 ratio, IG/IAll ratio, and ID1/IG ratio are used to

characterize the relative change of char chemical structur-

e.The detailed meaning of these ratios can be found in Zhang

et al. [44,45].

Fig. 10(A) shows that ID1/ID3, IG/IAll, and ID1/IG ratios in-

crease monotonically with the increase in activation tem-

perature. The rise of the ID1/ID3 ratio indicated that the

increase in activation temperature promoted the trans-

formation of biochar's small aromatic ring structure to a large

aromatic ring structure. The rise in IG/IAll ratio indicates that

the increase in activation temperature promotes the

condensation of biochar and enhances the degree of graphi-

tization. The rise in ID1/ID3 ratio suggested that the surface
Fig. 9 e Peak fitting results of CS-700-1 Raman spectrum.
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Table 5 e Fitting parameters of Raman spectrum [43e45].

Name Peak
position/cm�1

Chemical structure

D1 1350 CeC bond aromatic rings and

aromatics with six or more rings

D2 1620 disordered graphitic structures.

D3 1530 amorphous carbon structures,

aromatics with three to five rings

D4 1200 Caromatic-Calkyl and aromatic

(aliphatic) ethers

G 1580 graphite; aromatic ring quadrant

breathing; alkene C]C

Table 6 e Hydrogen storage capacity of biochar under
different pressures.

Samples H2 uptake
(wt.%,
1 bar)

H2 uptake
(wt.%,
10 bar)

H2 uptake
(wt.%,
30 bar)

H2 uptake
(wt.%,
50 bar)

CS-700-1 1.57 2.08 2.16 2.26

CS-800-1 1.84 2.50 2.62 2.70

CS-900-1 1.85 2.59 2.86 3.02

CS-1000-1 1.92 2.74 2.94 3.03

CS-900-2 2.30 3.71 4.22 4.37

CS-900-3 2.50 4.30 4.97 5.21

CS-900-4 2.53 4.44 5.20 5.32
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grains of biochar were etched, the grain size decreased, and

the disorder increased. This phenomenon is also consistent

with the work of Pinij et al. [46], who found that the higher

temperature canmake the biochar form the graphite structure

due to high polymerization reaction and more condensed

carbon structure. Similarly, the reaction between KOH and

biomass is significantly enhanced as the temperature in-

creases, allowing the O-containing group to further transform

into more stable eOH, CeO, and eCOOH groups [47].

Fig. 10(B) shows that the IG/IAll decreases monotonically

with the activation ratio. In contrast, ID1/ID3 and ID1/IG ratio

drops first and then increases with the activation ratio. The

decrease in the IG/IAll indicates that the activation ratio in-

creases the reaction between KOH, O-containing substances,

and carbon fragments, creating many vacancies in biochar.

OH from KOH quickly entered these vacancies to form many

new O-containing groups [47], reducing the degree of graphi-

tization of biochar. The ratio of ID1/ID3 and ID1/IG increases first

and then decreases, indicating that the KOH/char ratio is 2:1,

which is the critical ratio of the chemical reaction between

KOH and biochar.And Hu et al. [48] also showed that for bio-

char, at a lower ratio (<2:1), K can attack the oxygen site of the

phenolic hydroxyl group and promote the formation of an

aromatic ring with the anhydride group. However, at a higher

ratio (>2:1), the surface group of the biochar gradually turns

into an aromatic ring and a more stable quinone group.

H2 storage capacity

Fig. 2(C) and (F) are the absolute adsorption-desorption and

excess adsorption-desorption isotherms of hydrogen in
Fig. 10 e ID1/ID3, IG/IAll, and ID1/IG ratios vary
different biochar samples, respectively. At �196 �C, the

hydrogen storage capacity of biochar was measured at

0e50 bar. And its hydrogen desorption curve almost coincided

with its adsorption curve, indicating that the adsorbed and

stored hydrogen was almost completely desorption and

released in the pressure reduction process from high pressure

to atmospheric pressure. It shows that the hydrogen release

condition of biochar does not require high-temperature

auxiliary conditions and only needs to reduce the pressure

to achieve complete hydrogen desorption. Its reversible

hydrogen storage performance is excellent, and the hydrogen

desorption conditions are relatively mild.

The absolute hydrogen storage capacity of biochar under

different pressures is summarized in Table 6. As the activation

temperature exceeded 800 �C, the hydrogen storage capacity

of biochar prepared for every additional 100 �C increased less.

Compared with the biochar hydrogen storage capacity of CS-

700-1, the hydrogen storage capacity of CS-1000-1 increased

by 22.29%, 31.73%, 36.11%, and 34.07% at 1, 10, 30, and 50 bar,

respectively. Compared with the biochar hydrogen storage

capacity of CS-900-1, the hydrogen storage capacity of CS-900-

4 increased by 36.76%, 71.43%, 81.82%, and 76.16% at 1, 10, 30,

and 50 bar, respectively. Echoing the results of the biochar

nitrogen adsorption test, the specific surface area of biochar

increased significantly after 800 �C, and the increase of acti-

vation ratio fully developed the specific surface area of bio-

char. The relationship between hydrogen storage capacity and

pore structure parameters will be further discussed below.

When the pressure is 30 bar, the hydrogen storage capacity of

biochar has the most significant increase ratio, while in the

low-pressure area (<10 bar), the increase of specific surface
with temperature and KOH/char ratios.
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Fig. 11 e The maximum excess hydrogen adsorption

capacity and corresponding adsorption pressure of

different biochar.

Fig. 12 e Room temperature hydrogen storage capacity of

CS-900-4.
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area has limited improvement in the hydrogen storage ca-

pacity of biochar.

Fig. 11 shows different biochars' maximum excess

hydrogen adsorption capacity and corresponding adsorption

pressure. It can be seen that the maximum excess hydrogen

adsorption capacity increases from 1.83 wt% to 2.30 wt% at

different activation temperatures, and the corresponding

pressure increases from 5 bar to 7.72 bar, and the pressure

change is small. The maximum excess hydrogen adsorption

capacity increased from 2.17 wt% to 3.94 wt% under different
Table 7 e Comparison of hydrogen storage capacity of carbon

References Materials A

Takagi et al. (2004) [49] Activated carbon fibers e

Panella et al. (2005) [13] Activated carbon KOH

Wang et al. (2014) [12] Fungus KOH

Rowlandson et al. (2020) [8] Activated carbon CO2

Dogan et al. (2020) [27] Orange peel ZnCl

Kızılduman et al. (2021) [3] Rice husk HCl

Zhang et al. (2022) [18] Porous carbon Cao te

This work Corn straw KOH
activation ratios, and the corresponding pressure increased

from 7.64 bar to 12.83 bar.

The biochar of CS-900-4 was tested for hydrogen storage

capacity at room temperature, and the test results are shown

in Fig. 12. Its hydrogen storage capacity at 25 �C, 50 bar is

0.52 wt%.

Table 7 compares the hydrogen uptake of hydrogen ad-

sorbents prepared by different carbon precursors under

different thermochemical processes at �196 �C. Fig. 13 com-

pares the hydrogen uptake at different pressures with other

samples with different pore structure parameters. It shows

that the hydrogen adsorbent prepared by different thermo-

chemical processes positively correlates with its specific sur-

face area under high-pressure or low-pressure conditions.

Compared with other samples, the biochar prepared in this

paper has excellent hydrogen storage capacity due to its high

specific surface area and up to 96.56% microporous area.

To determine the isotherm model of hydrogen adsorption

of biochar in the pressure range of 0e50 bar and to deeply

understand its hydrogen adsorption mechanism, different

biochar adsorption processes of hydrogen adsorption were

analyzed based on the Freundlichmodel and Langmuirmodel.

The three cases of n¼ 1, n¼ 2, and n¼ 3 were analyzed for the

Langmuirmodel, and the relevant fittedmodel parameters are

shown in Table 8. Fig. 14 shows the comparison between the

Freundlichmodel's fitting results and the experimental results

of the Freundlich model and Langmuir n ¼ 3. The Langmuir

model has poor consistency with the change of experimental

test data when n ¼ 1, the equation curve is in good agreement

with experimental test data when n ¼ 2 and n ¼ 3, and the

change law of test data is the same when n ¼ 3. The Freund-

lich model fits slightly better than Langmuir (n ¼ 1) but lower

than the n ¼ 2 and n ¼ 3 cases. From the fitting results of

different models, the adsorption of hydrogen on the pore

surface of biochar is unevenly adsorbed, and the interaction

force between hydrogen molecules and the pore surface is

extremely inhomogeneous.

From the effects of different activation temperatures and

activation ratios on the hydrogen storage capacity of biochar

mentioned above, it can be found that biochar's hydrogen

storage capacity at low temperatures strongly correlates with

its pore structure parameters. Therefore, we further explore

the relationship between the hydrogen storage capacity of

different biochars and their structural characteristics (BET

area, micropore area, average micropore diameter, micropore

volume)，the results are shown in Fig. 15. Fig. 15(AeD) shows
at ¡196 �C.

ctivation
method

Hydrogen storage
capacity (wt.%)

Conditions
(Temperature/

Pressure)

2.3 1 bar

4.5 60 bar

2.4 1 bar

1.8 1 bar

1.67 30 bar

1.1 30 bar

mplate method 1.53 1 bar

2.53/5.32 1 bar/50 bar
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Fig. 13 e Comparison of hydrogen adsorption capacity of samples with different pore structures at ¡196 �C and different

pressures: (a) pressure of 1 bar, (b) high pressure.

Table 8 e Freundlich (dotted line) and Langmuir isothermal adsorption model parameters of biochar.

Models Parameters CS- 700-1 CS- 800-1 CS- 900-1 CS- 1000-1 CS- 900-2 CS- 900-3 CS- 900-4

Freundlich k 1.60 1.66 1.82 1.74 2.33 2.63 2.60

n 10.44 6.96 7.32 6.25 5.70 5.33 4.91

R2 (%) 90.09 93.80 95.57 94.45 95.10 94.67 94.70

Reduced Chi-Sqr 0.01069 0.03857 0.01685 0.04663 0.05463 0.07627 0.10588

Langmuir n ¼ 1 Qe 2.15 2.54 2.77 2.83 4.15 5.01 5.21

KL 4.92 6.56 3.34 4.74 1.48 0.92 0.90

R2 90.13 93.20 87.41 94.00 92.79 94.11 95.65

Reduced Chi-Sqr 0.01065 0.04228 0.04785 0.05042 0.08045 0.08433 0.08693

Langmuir n ¼ 2 Qe1 1.41 1.15 1.61 1.71 2.218 2.74 2.61

Qe2 0.84 1.52 1.43 1.31 2.35 2.76 3.09

KL1 19.16 76.41 22.16 0.59 7.75 0.15 4.54

KL2 0.46 0.94 0.26 40.77 0.20 4.41 0.17

R2 99.45 99.627 99.53 99.72 99.88 99.93 99.93

Reduced Chi-Sqr 5.93E-04 0.00232 0.0018 0.00233 0.00129 9.53E-04 0.00148

Langmuir n ¼ 3 Qe1 0.97 0.59 1.31 1.23 1.70 1.14 2.59

Qe2 1.18 1.08 1.24 0.63 1.91 2.37 0.56

Qe3 149.78 1.05 0.82 1.20 1.05 2.09 2.61

KL1 0.94 379.52 35.36 5.90 0.10 16.47 2.05

KL2 33.89 8.96 0.91 200.06 1.66 1.24 52.39

KL3 1.62E-5 0.42 0.03 0.30 27.21 0.09 0.12

R2 99.79 99.97 99.93 99.98 99.99 99.99 99.97

Reduced Chi-Sqr 2.26E-04 1.89E-04 2.69E-04 1.87E-04 8.23E-05 2.20E-04 5.92E-04

Fig. 14 e Biochar hydrogen adsorption and Freundlich

(dashed line) and Langmuir N ¼ 3 (solid line) fitting curves.
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that the hydrogen storage capacity of biochar above 10 bar has

an excellent linear relationship with its pore structure, among

which the fitted R2 with the specific surface area of the mi-

cropores is the highest, which is 98.88% at 30 bar. The low R2 in

the low-pressure area may be that the coverage of hydrogen

adsorption is low, and due to the uneven adsorption of

hydrogen by biochar, the low-pressure hydrogen storage ca-

pacity of biochar cannot be determined entirely by its physical

structure. Fig. 15(A) shows that under the pressure conditions

of 1, 10, 30, and 50 bar, the amount of hydrogen adsorbed by

biochar per 500 BET area is 0.23 wt%, 0.59 wt%, 0.76 wt%,

0.78 wt%, which does not strictly follow Chahine's law, but the

hydrogen storage capacity increases with pressure.

Therefore, from the above results, the adsorption of H-

biochar for hydrogen under the condition of �196 �C is

mainly physical adsorption. To further explore the contri-

bution of pore structures of different sizes of biochar to
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Fig. 15 e Correlation between biochar hydrogen storage capacity and its pore structure parameters (A) BET specific surface

area (B) Micropore area (C) Average micropore diameter below 2 nm (D) Micropore volume.

Table 9 e The contribution of the grading pore volume to
the hydrogen adsorption capacity at different pressures.

a b c d R2

1 bar 2.11 �0.43 2.70 �3.48 95.28

10 bar 4.01 1.11 2.04 �3.77 98.36

30 bar 5.11 1.68 2.01 0.67 98.79

50 bar 5.59 1.88 1.62 2.77 99.4
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hydrogen adsorption, the following Equation (6) is defined by

Canevesi et al. [50]. The polynomial linear regression method

was used to explore the contribution of different grading

pores to the adsorption of biochar hydrogen under different

pressures. The results in Table 9 shows that ultramicropores

smaller than 0.7 nm occupy a dominant position in the

hydrogen storage process of biochar, and their role increases

with the increase of pressure, which is consistent with the

theoretical conclusions of Rzepka et al. [20], Gogotsi et al.

[21], and Wang et al. [22]. The mesoporosity of biochar also

has a significant influence. The low-pressure area is mainly

ultramicroporous and mesoporous to determine hydrogen

adsorption. Studies have shown that if carbon-based

hydrogen storage materials have more mesoporous than

microporous, hydrogen can be stored in mesopores, and its

hydrogen storage capacity is proportional to the mesoporous

volume [3,51]. The high-pressure region is transformed into

ultra-micropores, while other pores also provide a place for

hydrogen adsorption, and the role of macropores at 50 bar

begins to be highlighted.

y¼ aV<0:7 þ bV0:7�2 þ cV2�50 þ dV>50 (6)
Conclusions and prospects

The process of KOH melt activation was adjusted to control

the nanopore structure of biochar to prepare an adsorbent

with high hydrogen adsorption capacity. A series of charac-

terizations of the prepared biochar were carried out, and its

hydrogen absorption characteristics were discussed. The

prepared biochar has a very high microporous ratio above

96.46%. The specific surface area of biochar prepared under

suitable activation conditions was 2801.88 m2/g, and the ab-

solute adsorption capacity of hydrogen was 2.53 wt% at 1 bar

and reached 5.32 wt% at 50 bar. The KOH activation process

gradually turns from the inside of biochar to the outside,

forming regular circular holes on the surface. The thermal

stability of biochar increases with the activation temperature

and decreases with the activation ratio. The fitting curve of

the Langmuir model (n ¼ 3) almost coincides with the exper-

imental test curve, and the adsorption of hydrogen on the

pore surface of biochar is inhomogeneous. The hydrogen

storage capacity of biochar above 10 bar has a good linear

relationship with its pore structure, and the fitting R2 with the

specific surface area of the micropores is the highest. Ultra-

micropores smaller than 0.7 nm occupy a major position in

the hydrogen storage process of biochar, and the role of

macropores under 50 bar also begins to be highlighted. In the

low-pressure area, ultramicropores andmesopores determine

hydrogen adsorption.

This paper removes AAEMs in biochar that may affect its

hydrogen storage capacity. The relationship between the

physical structure of biochar and its hydrogen storage ca-

pacity was studied. The linear correlation between the
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adsorption capacity and the pore structure parameters in the

low-pressure area was not high, whichmay be affected by the

surface chemical structure. Future research will be further

carried out in this regard to achieve the goal of high-density

hydrogen storage of biochar under milder conditions.
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