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<What shoulds=

This rather poor translation of a very Austrian feeling (<Was solls=) 



<Das Beste kommt zum Schluss<



So, I roam those beaches wondering&. Underneath my 

So, I wander&



–



between simulated and experimental scattering data suggests that while deuterium (D¢) 

follows simulated adsorption trends, hydrogen (H¢) shows clusteri



–



Der Vergleich zwischen simulierten und experimentellen Streudaten zeigt, dass Deuterium (D¢) 

rptionstrends folgt, während Wasserstoff (H¢) 













<I believe that water will one day be employed as fuel, that 

constitute it, used singly or together, will furnish an inexhaustible source of heat and light= The 

by 2050 (NZE) Scenario, hydrogen production costs could fall to around or below USD 2/kg H¢ 





–



and its heavier isotope deuterium (D¢) in neutron scattering, this method allow





�







low pressures (~10⁻⁶ mbar, typical for gas sorption experiments), micropores (pore widths <2 

mesopores, at pressures below the bulk condensation point (P/P₀ < 1), gas molecules can 



–







Ą ĄÿĄą

Āą ąą Ą�

ąą,0 Āą Ą� = Ą 2Āą ∙ ąą,0
Ąÿ Ą�ąÿ Ąÿ = Ą 2 Āą ∙ ąÿ

Ą =  Ąÿ + Ąą = Ąÿ + Āą ∙ ąą



Āą  ≪ 1
Āą ∙ ąÿ ĄĊąĊĄĊąĊ = Ą� ∙ (1 + ĀýĀĂÿć)

–

Ć ÿ ÿ0 Ćăÿ
against the relative pressure (within the range of 0.05 < P/P₀ < 0.35 for meso

macroporous materials, and P/P₀ < 0.01 for microporous materials), one can obtain the slope 

1Ć ∙ [(ÿ0ÿ ) 2 1] =  1Ćă ∙ ÿ + (ÿ 2 1)Ćă ∙ ÿ ∙ ( ÿÿ0)



ĆăĂþāĐ

Ċý is Avogadro’s number, ýÿď
–

adsorption isotherm. This method relies on the volume of N¢ adsorbed at a relative pressure 

near the saturation pressure of N¢ (P/P₀ j 0.99), assuming the pores are completely filled with 

ąÿĂĉąĂÿćÿÿ ąă

cm³/mol for N¢), R is the universal gas constant (8.314 J mol⁻¹ K⁻¹), and T is the ambient 

macropores or an external surface are present, the isotherm continues to rise steeply at P/P₀ 

j 0.99, preventing the extraction of the total SPV via the Gurvich rule.

ĂþāĐ =  Ċý ∙ ýÿďĉ ∙ Ć ∙ 1ĉ + ÿ = Ċý ∙ ýÿď ∙ Ćăĉ ∙ Ć

ąĂÿć = ÿÿ ∙ ąÿĂĉ ∙ ąăāă



similar to the BET method but extends to higher relative pressures (P/P₀) and accounts for 

plot technique involves plotting the adsorbed N¢ volume 

ąĀ
corresponding liquid N¢ 

specific surface area (Sₘₚ) is determined as a fraction of the total BET 

Ċ[Å] = 0.88 ∙ (ÿ ÿ0⁄ )2 + 6.45 ∙ (ÿ ÿ0⁄ ) + 2.98

ąĀ = 0.001547 ∙ ÿ

Ăă = ĂþāĐ 2 15.47 ∙ ĉ



have a cylindrical geometry and (b) they are filled with liquid N¢ near its vapor pressure (P/P₀ 

j 0.99). A standard BJH pore size distribution (PSD) plot represents the first derivative of the 

Ĉć ÿ is the surface tension of N¢ at its boiling point (8.85 ąă is the molar volume of liquid N¢ (34.7 cm³/mol), ā
constant (8.314 J mol⁻¹ K⁻¹), ă is the boiling point of N¢ (77K), and ÿ ÿ0⁄ĈĆ ĊĈć

Ĉć = 2 2ÿąăāă ln (ÿ ÿ0⁄ )

ĈĆ = Ĉć + Ċ



Ċ ( ČČ0) Ć ă(Ć)
Ċ ( ÿÿ0) =  ∫ Ċ ( ÿÿ0 , Ć) ă(Ć)āĆþăÿ�þăÿĄ





–



. The story behind the <discovery= of graphene, the exfoliation method using sticky 

pencil drawings, most wouldn’t know what special properties graphene possesses. The 



–

–









parallel, ±±)

parallel, ±³)

2, 4&) and odd rotational numbers (J=1, 3, 5&) 

H¢ and ortho D¢ in the spherically symmetric J = 0 state experience no 

H¢ and para D¢, in non

þĆþĆ /Ā ąĄĄ = ĀĈ ∙ ĈĄĄ2 ĀĈĈĄĄ

þĆ = ℏ22ąĄĄĂ [Ăą]
→

āĆ = þĆ ∙ Ć(Ć + 1)



→

ĊąĈĊ/ą(ă)ĊĆÿĈÿ(ă) = 3 ∑ (2Ć + 1) ∙ exp (2Ć(Ć + 1)�Ĉă )Ć=1,3&1 ∑ (2Ć + 1) ∙ exp (2Ć(Ć + 1)�Ĉă )Ć=0,2&  ĀÿĊ/ �Ĉ = /ĀþĆāĀ



–



–



Chahine’s rule

—

–



ÿ

ℏ is the reduced Planck’s constant, ă āĀă is the temperature. At 77 K, the thermal de Broglie wavelength of H¢ is 0.176 

nm, while for D¢ it is 0.124 nm, highlighting the stronger quantum effects experienced by the 

āÿĀ �ÿĀ

ăĈ
particle, effectively spreading the isotope’s center as a Gaussianÿ2/12

ÿ = ℏ√ăāĀă

�(ĈÿĀ) = 4āÿĀ [(�ÿĀĈÿĀ )12 2 (�ÿĀĈÿĀ )6]

�ĂĄ(ĈÿĀ) = �(ĈÿĀ) + ( ℏ224ăĈāÿă ∇2�(ĈÿĀ))



Λ = /√12ăāÿă�2 f 0.5. For H¢ at 77 K, Λ

āÿĀ �ÿĀ ăĈ

uch as H¢, have a larger de Broglie wavelength than heavier 

isotopes, such as D¢, they experience stronger quantum confinement, which in turn reduces 

ā �āÿĄ
—which is 2.89 Å for H¢ and 2.97 Å for D¢. 

ā0 = 2ÿ02 ∙ ℏ2ă ∙ (ā 2 �āÿĄ)2



ÿ0
of the first kind. In this model, the molecule is expected to interact solely with the pore’s ā ā

 Ă(�(Ă)2ā0āĀĀ )

ĄĀ2,Đ1ĄĄ2,Đ1 = Ă(ā0,Ą22ā0,Ā2āĀĐ1 )



<Before I came here I was confused about this subject. Having 

.= 



Chadwick calls Neutron a 8difficult catch9

<I am afraid neutrons will not be of any 

use to any one=

ÿ / Ć

power of 58.3 MW and a neutron flux of 1.5∙10

ÿ = /Ć = /ă|�| = 2ÿ|ā|
ā = 12 ăÿ2 = ℏ� = ℏ2ā22ă = /22ăÿ2 j āþă



ā
ÿ

<"Do not worry about your difficulties in Mathematics. I can assure you mine are still greater."

—

–

«Ą
—



«ÿ = ĂÿāĀ
∙

Ĉÿ

ÿ

«Ą = 2 ÿĈ ĂÿāĀ



ÿ Ā
– +ÿ,�ÿ

āÿ ā� ÿ = āÿ 2 ā�

ÿ2Āć = 4ÿÿ ĉÿĄ (Ā)
�ā = āÿ 2 āĄ = ℏ22ă (āÿ2 2 āĄ2)



 ĊĄ āā ā¬
�

Ā(Ċ)

Ċ ℏ ÿÿ ÿĀÿ Ā�

ā2�ā�āāĄ = 1� āĊĄā�āā

d2�ā¬āāĄ = 1Ċ āĄāÿ 12ÿℏ ∑+ÿÿÿĀ, ∫ +Ă2ÿÿĀÿ(0)ĂÿÿĀĀ(Ċ), ∙>
2>ÿ,Ā Ă2ÿ�ĊāĊ



ÿ Āÿ(0) Ā ĀĀ(Ċ) ĊĊ
ÿ +ÿÿÿĀ,

ÿāą/2 = +ÿ,2 ÿÿĄā2 = (+ÿ2, 2 +ÿ,2)

Ăāą/(ÿ, �)ĂÿĄā(ÿ, �)

ÿ = Ā: +ÿÿÿÿ, = +ÿ,2 ÿ b Ā: +ÿÿÿĀ, = +ÿÿ,+ÿĀ, = +ÿ2, 

d2�ā¬āāĄ = 1Ċ āĄāÿ 12ÿℏ ∑+ÿ,2 ∫ +Ă2ÿÿĀÿ(0)ĂÿÿĀĀ(Ċ), ∙>
2>ÿbĀ Ă2ÿ�ĊāĊ

+ 1Ċ āĄāÿ 12ÿℏ ∑+ÿ2, ∫ +Ă2ÿÿĀÿ(0)ĂÿÿĀĀ(Ċ), ∙>
2>ÿ Ă2ÿ�ĊāĊ

σcoh = 4ÿ+ÿ,2 = 4ÿÿāą/2
σÿĄā = 4ÿ(+ÿ2, 2 +ÿ,2) = 4ÿÿÿĄā2

d2�ā¬āāĄ = 14ÿ āĄāÿ (σcoh Ăāą/(ÿ, �) + σÿĄā ĂÿĄā(ÿ, �))



properties. Coherent scattering arises from both the correlation of a nucleus’s position over 

ÿ
correlation of an individual nucleus’s position over time. It occurs due to random 

ÿ

Ăāą/(ÿ, �) = 1Ċ 12ÿℏ ∑ ∫ +Ă2ÿÿĀÿ(0)ĂÿÿĀĀ(Ċ), ∙>
2>ÿ,Ā Ă2ÿ�ĊāĊ

ĂÿĄā(ÿ, �) = 1Ċ 12ÿℏ ∑ ∫ +Ă2ÿćĀÿ(0)ĂÿćĀÿ(Ċ), ∙>
2>ÿ Ă2ÿ�ĊāĊ



ā = 0

ā = 0

<It is important to point out that the mathematical formulation of the physicist's often crude 

large class of phenomena.= 

āā

ĂÿÿĀĀ(Ċ) Āÿ,Ā b ă(Ċ)∫ Ă2ÿ�ĊāĊ>2> = 2ÿĀ(�) Ā(�)

d�ā¬ = ∫ d2�ā¬āāĄ
>

0 āā



āā = ℏā�āĄ = āÿ

∫ Ā(�)ā�>0 = 1

d2�ā¬āāĄ = 14ÿ āĄāÿ (σcoh Ăāą/(ÿ, �) + σÿĄā ĂÿĄā(ÿ, �))
= 1Ċ 14ÿ āĄāÿ 1ℏ (σcoh  ∑+Ă2ÿÿĀÿĂÿÿĀĀ,ÿ,Ā + NσÿĄā) Ā(�)

d�ā¬ (ÿ) = ∫ d2�ā¬āāĄ
>

0 ℏā� = 1Ċ 14ÿ (σcoh  ∑+Ă2ÿÿĀÿĂÿÿĀĀ,ÿ,Ā + NσÿĄā) ∫ Ā(�)ā�>
0

d�ā¬ (ÿ) = 1Ċ ÿāą/2 ∑+Ă2ÿÿĀÿĂÿÿĀĀ,ÿ,Ā + ÿÿĄā2

(dΣā¬) (ÿ) = (dΣā¬)āą/ (ÿ) + (dΣā¬)ÿĄā = Ċą  [(d�ā¬)āą/ (ÿ) + (d�ā¬)ÿĄā]
(dΣā¬)āą/ (ÿ) = 1ą ÿāą/2 ∑ ∑+Ă2ÿÿ(Āÿ2ĀĀ),Āÿ



ÿ, Ā)

<We cannot solve our problems with the same thinking we used when we created them.= Albert 

ÿ = Ā
Ąÿ(ĀÿĀ)ĀÿĀ = ĀĀ 2 Āÿ ĀĀ Āÿ

(dΣā¬)ÿĄā = Ċą ÿÿĄā2

(dΣā¬) (ÿ) = Ċą (d�ā¬) (ÿ) = 1ą ∑ ∑ ÿÿÿĀ+Ă2ÿÿ(Āÿ2ĀĀ),Āÿ

(dΣā¬) (ÿ) = Ċ ÿ2ą + ÿ2ą ∑ ∫ [Ąÿ(ĀÿĀ) 2 Ą0]ýÿ +Ă2ÿÿĀÿĀ,āąÿ
+ Ą0 ÿ2ą ∑ ∫ +Ă2ÿÿ(Āÿ2ĀĀ),āąÿýÿ



⟨Ă2ÿÿĀÿĀ⟩ Ą(Ĉ) = Ą(Ĉ) Ą0⁄ Ă(ć)

Ą0
Ā̃ = Ą0 ÿ ą⁄ [Āă22]

Ă(ć) = (dΣā¬) (ć)Ċ ąÿ2 = 1 + 4ÿć ∫ Ĉ[Ą(Ĉ) 2 1] sin(ćĈ) āĈ>
0

+Ă2ÿÿĀ, = +ĂÿÿĀ,∗ = 14ÿ ∫ ∫ Ă(2ÿćĈāąĉ�)sin (Ā)āĀÿ
0

2ÿ
0 ā� = sin (ćĈ)ćĈ

(dΣā¬)ďýď (ÿ) = ∬ Ā̃(Āÿ)Ā̃(ĀĀ)+Ă2ÿÿ(Āÿ2ĀĀ),āąÿāąĀý



�2(Ā)

Ĉ = 0 �2(Ĉ) +Ā̃2,Ĉ = ∞ �2(Ĉ) +Ā̃,2

ąÿ(Ĉ) = �2(Ĉ) 2 ą+Ā̃,2

�2(Ā) = ∫ Ā̃(Āÿ)Ā̃(Ā + Āÿ)ý [Āă24] ĀÿĊ/ Ā = ĀĀ 2 Āÿ
(dΣā¬)ďýď (ÿ) = ∫ �2(Ā)ý +ĂÿÿĀ,āą

(dΣā¬)ďýď (ć) = ∫ 4ÿĈ2 �2(Ĉ) sin (ćĈ)ćĈ āĈ

(dΣā¬)ďýď (ć) = ą ∫ 4ÿĈ2ÿ(Ĉ) sin (ćĈ)ćĈ āĈ



ÿ(Ĉ) = Ā̃ 2 +Ā̃,
ÿ0(Ĉ) ą� �Ā̃

+Ā̃,�ÿ

ÿ(Ĉ) = +ÿ(Ĉ1)ÿ(Ĉ1 + Ĉ), = �(1 2 �)(�Ā̃)2ÿ0(Ĉ)

(dΣā¬)ďýď (ć) =  ą(1 2 �)�(�Ā̃)2 ∫ 4ÿĈ2ÿ0(Ĉ) sin(ćĈ)ćĈ āĈ>
0

ÿ2̅̅ ̅ = ∑ �ÿĊ
ÿ=1 (Ā̃ÿ 2 +Ā̃,)2 ĀÿĊ/ +Ā̃, = ∑ �ÿĊ

ÿ=1 Ā̃ÿ



+Ā̃,(Ā̃ÿ 2 +Ā̃, )2 = 0

ă ă Ă ⁄ ą
ÿ0(Ĉ) = exp (2 Ĉă)  ĀÿĊ/ ă = 4ą�(1 2 �)Ă

ąĀýþ(ć) = 2ÿ(�Ā̃)2 ∙ Ă( 1ă2 + ć2)2 ∙ ą



(dΣĂΩ) (ć)ą(ć)ą(ć)(dΣĂΩ) (ć) Āă21

ÿ0(Ĉ) ă1 < ă2

ć = 0ă3

ąĀýþ(ć = 0)

ąĀýþ(ć = 0) = ă38ÿ�(1 2 �)(�Ā̃)2



ă1 < ă
Porod’s ć →  ∞ÿ

ą(ć) ∙ ć2āć ćą̃
ÿ ą̃ Ă/ą

ă

Ă/ą ă

ąĀýþ(ć →  ∞) = ą�(1 2 �)(�Ā)2 8ÿă ∙ 1ć4 = (�Ā)2 2ÿć4 ∙ Ă = ÿć4

ą̃ = ∫ ą(ć) ∙ ć2āć>
0 = 2ÿ2ą�(1 2 �)(�Ā)2

ą̃ÿ = 2ÿ2�(1 2 �)(&Ā)2ą2ÿ(&Ā)2Ă = ÿ�(1 2 �) ąĂĂą = ÿ�(1 2 �) ÿą̃

ă = 4ą̃ÿÿ = 4�(1 2 �) ąĂ



ă

�Ā �ÿĀÿĀ = �Ā + �ÿ

ă = 4ą̃ÿÿ = (1 2 �)ĂĆ = �Ăā

(dΣā¬) (ÿ) = 1ą ∑ ∑ ÿÿÿĀĂ2ÿÿĀÿĀĀÿ

(dΣā¬) (ÿ) = ÿ2ą ∑ Ă2ÿÿ�ĀĄ ∑ Ă2ÿÿ�ÿă



�Ā

þ1∗ , þ2∗ , þ3∗

ą þ1, þ2, þ3ÿ = � ÿ �

Bragg’s Law provides a direct geometric interpretation of diffraction conditions in terms of ā

Ă(ÿ) = ∑ Ă2ÿÿ�ÿÿ

þ1∗ = 2ÿą (þ2 × þ3), þ2∗ = 2ÿą (þ3 × þ1), þ3∗ = 2ÿą (þ1 × þ2)



Ā ÿĄ is an integer representing the diffraction order. Bragg’s Law is 

reciprocal of the plane’s intercepts with the crystallographic axes. The interplanar spacing for 

þ
|ă/āĂ| = 2ÿĂ/āĂ . Thus, Bragg’s Law reads: 2ā/āĂ  ĉÿĄĀ = Ąÿ

(/, ā) ā/ā = ÿ:/2+ā2+/ā = 2ÿć/ā
ć002 = 2ÿĂ002

2ā ĉÿĄĀ = Ąÿ

ā/āĂ = þ:/2 + ā2 + Ă2



ā002

<Broadly speaking, the discovery of X

thousand times, and we can now 'see' the individual atoms and molecules.= 

Ĉă Ă ā0ăă

Ą(ć)
ÿāą/(ć) = ý Ĉă Ą(ć) ĀÿĊ/ Ĉă = Ă24ÿā0ăăĀ2 = 2.818 ăă





2Ā
ąă�Ċ(ć)

ąă�Ċ(ć) ąĊČ(ć)ąþ(ć)

ąĊČ(ć)

ąĄĂċāĊ(ć) ąþ(ć)



ąĄĂċāĊ(ć)
ąþ(ć)

ąĄĂċāĊ(ć) ąþ(ć)

ąďýď(ć) = ąă�Ċ(ć) + ąĊČ(ć) + ąĄĂċāĊ(ć) + ąþ(ć)



<In the intervening more than six decades enormous progress has been made in finding 

decisively aided by modern electronic computers.= Walter Kohn, Nobel Lecture 1998

of structures and molecules built a substantial part of today’s materials 

ÿ Āÿÿ(ć) ÿĀ(ć) sin(ćĈÿĀ)ćĈÿĀ ĈÿĀ

reciprocal lattice approach, summarized by Tomšič et. al. 

(/, ā, Ă) ÿĀ(ćĄ) ćĄ

ą(ć) = 1ą ∑ ∑ ÿÿ(ć)ÿĀ(ć) sin(ćĈÿĀ)ćĈÿĀĀÿ



ĄćăÿĄĈ ćăÿĄ = 2ÿĈ

ćăÿĄ = 2ÿĈ

ą(ćĄ) = |∑ ÿĀ(ćĄ) exp (2 2ÿĄĈ ÿ ∙ (/āĀ + āĂĀ + ĂăĀ))Ċ
Ā=1 |2

ćĄ = Ą ∙ 2ÿĈ √/2 + ā2 + Ă2





–

<What we observe is not nature itself, but nature exposed to our method of questioning.= 



Based on the determined monolayer capacity of H¢ and the surface area measured using Ar, 

sectional area for adsorbed H¢ of 7.1 Å² was calculated. Assuming a 2D 

hexagonal arrangement of H¢ molecules, the corresponding intermolecular distan

packed lattice, the resulting 3D density would be 202 kg m⁻³. This density is nearly three 

ĀĂÿć = 70.9 āĄ/ă³  Āĉ = 86 āĄ/ă³ 

Adsorption isotherms of H¢, D¢, and Ar in KIT

IV isotherms (Ar: orange triangles; H¢: red squares; D¢: blue circles). The monolayer capacity for H¢ 

), indicating that twice as many H¢ molecules are required to cover 

dependent INS spectra at various H¢ loadings





→ →

transitions: freely rotating H¢ in pores >1 nm (1) and hindered H¢ in pores <1 nm (2, 3). Dashed lines indicate 

H¢ across adsorption sites in TE7 at 4 K, highlighting dominant 

Quantum rotational energy levels of H¢

the free rotation of H¢ molecules and altering their rotational energy levels. This overlap lifts 

and widening the energy gap (Δe) between the split states.

layer of H¢, maximizing the influence of the overlapping anisotropic potential on the solid

state H¢ confined within the pores. 

ratio for the J=0³1 excitation, which is indicative of para H¢ trapped in micropore adsorption 

structure that influence H¢ behavio



ortho H¢ ratio. At 40 K, freely rotating para H¢ in a ratio 

H¢ is present, indicating a rapid and complete thermodynamic conversion of 

H¢ to para H¢ in pores larger than 1 nm. In contrast,

Notably, at site (3), only J=1³

H¢ is adsorbed at this site.

H¢ at site (3), even at low temperatures, 

H¢ to para H¢



Neutron powder diffraction of confined crystalline H¢ at low temperatures: collected in two different 

Bragg peaks indicate two distinct crystalline H¢ phases: hexagonal close ★
■ Crystal structures of H¢ showing the orientationally disordered HCP lattice and the orientationally 



&ā&Ċ g ℏ2



monolayer, H¢ shows low activation energy (E

mobility. At higher concentrations, H¢ in outer layers diffuses freely due to lower densities and 

Ă(Ā, ā) Ā = 1.3 Å21
�(Ā)

bed H¢ between various adsorption sites within the 



<Demokritos=, Athens, 

–



✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

✓ ✓ ✓ ✓ ✓ ✓

✓ ✓ ✓ ✓ ✓ ✓ ✓

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

✓ ✓ ✓
✓

✓
✓

✓ ✓ ✓
✓

✓ ✓



°C/min. The process utilized a quartz (SiO¢) tube with alumina (Al¢O£) sample holders for both 



nanoporous carbons, including SEM images depicting the material’s morphology after carbonization and 





45 kV and 0.65 mA, producing Cu Kα radiation with a wavelength (») of 0.1549 nm. A V

ć = 4ÿ sin Ā /ÿ 2Ā

angular range (2θ) from 10° to 130°, with a step size of 0.01° and an exposure time of 1 second 

dard amount of WO£ was added to 





Kendall’s �Ā

— �Ā

computed using Kendall’s �Ā . Kendall’s �Ā

•

•

•

•

If a tie occurs in both variables within the same pair, it is not included in either T or U. Kendall’s �Āwas selected over Spearman’s correlation due to its better suitability for small sample sizes. 

. Furthermore, Kendall’s �Ā

�Ā = ÿ 2 Ā√(ÿ + Ā + ă) ∗ (ÿ + Ā + Ą)





wavelength of » = 0.447

EN AW-7049A

ć = 4ÿ sin Ā /ÿ 2Ā

ILL’s LAMP package 

ąăăÿĉ,ý̅̅ ̅̅ ̅̅ ̅̅ ̅
(ĂσĂΩ)ĉÿăĆĂă = ąăăÿĉ,ĉÿăĆĂăąăăÿĉ,�̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ ∙ (ĂσĂΩ)ý(ĂσĂΩ)ý = 0.029 Āă21

http://doi.ill.fr/10.5291/ILL-DATA.1-04-218
http://doi.ill.fr/10.5291/ILL-DATA.1-04-218
http://doi.ill.fr/10.5291/ILL-DATA.1-04-235


ąăăÿĉ,ý̅̅ ̅̅ ̅̅ ̅̅ ̅

http://doi.ill.fr/10.5291/ILL-DATA.1-04-242
http://doi.ill.fr/10.5291/ILL-DATA.1-04-242


the SANS data acquisition time was ∆T= ±0.03 K. 

For the in-situ measurements, a Hidden Isochema IMI Sievert-apparatus equipped with low -

pressure sensor, ranging from 0-1 bar (with an accuracy of 0.2 % of maximum pressure), was 

used to dose H2 and D2 (99.999 %) into the system  We used an Orange cryo-furnace (1.5-500 K) 

for cooling the sample to the temperature of interest, as shown in  (c). The accuracy 

of the temperature regulation during the SANS data acquisition time was ∆T= ±0.03 K. Before 

transferring to the aluminum sample cell to the cryostat, the samples were degassed for more 

than 24 h at 250 °C under a vacuum of 10-3 mbar. After transfer, the sample void volume was 

calibrated using 30 bar of He at room temperature, followed by a subsequent vacuuming step 

for at least 1 h and cooling to analysis temperature. A measurement sequence consisted of 

placing the powder sample into the cryo-furnace and vacuuming until the analysis 



temperature was reached (at least 1 h) and subsequent collection of the scattering signal of 

the empty carbon sample. Subsequently, hydrogen was dosed in multiple steps to reach the 

first desired pressure point, and an equilibration time of 15 min was waited to reach 

equilibrium before starting the SANS measurement. This cycle continued until a pressure of 

about 1000 mbar was reached, and the sample was placed under a vacuum for 1 h before 

starting the next measurement sequence.



<

=





–



—

—

the release of nitrogenous gases such as N¢, HCN, and NH£ 

reaction (CO + H¢O ³ CO¢ + H¢) and the water gas reaction (C + H¢O ³ CO + H¢)

occurring inorganic mineral deposits, such as cystoliths (CaCO£), in the raw plant material or 



–

understanding of the materials' porosity. The CO¢ adsorption isotherms, shown in 

kernel on CO¢ adsorption data 

of ultramicropores. Meanwhile, the N¢ adsorption isotherms at 77 K, depicted in 

, along with their respective PSDs obtained using the N¢

summarizes the structural parameters derived from the CO¢ and N¢ isotherms, 

For ACC, the CO¢ adsorption isotherm reveals a well

ultramicropore range. The N¢ adsorption isotherm, classified as 

, exhibits a steep uptake at low pressures (P/P₀ < 0.1), 

micropore size (~0.85 nm) and higher micropore volume compared to ACC. The CO¢ 

latter being more dominant than in ACC. The N¢ adsorption isotherm follows a 



exhibits the highest CO¢ surface area, indicating an exceptionally well

microporous network. The CO¢ adsorption isotherm suggests a dominant ultramicropore size 

30. The N¢ adsorption isotherm follows a 

F, in contrast, has the lowest CO¢ uptake among all samples, indicating the smallest 

ultramicropore surface area and total micropore volume. The CO¢

the ultramicropore range. The N¢ adsorption isotherm follows a 

closure point at P/P₀ ~0.4, likely 



display the N¢ adsorption isotherms recorded at 77 K for the UTL and OP 

activated samples, UTL0 and OP0, show minimal N¢ uptake, 

ncrease in N¢ uptake with higher amounts of activation agent, reflecting the development of 

–

j 0.45 suggests cavitation induced N¢ evaporation 



increase in N¢ uptake near P/P

UTL3 shows the highest N¢ uptake among all samples and displays a distinctive sloped I(b) 

ā50





2 ýăÿýÿ,ÿÿ2ďăÿýÿ,ÿÿ2

Ăăÿĉÿ,ÿċ2 ąăÿĉÿ,ÿċ2 āý,ÿċ2 ĂþāĐ ĂčďĀĂĐ,Ċ2 Ăĉ ĂĀ ĂċĀ ąčďĀĂĐ ąĉ ąĀ ąċĀ āý,Ċ2 ā50 (ā25 2 ā75)



ĂþāĐ ĂčďĀĂĐ,Ċ2 Ăĉ ĂĀ ĂċĀ ąčďĀĂĐ ąĉ ąĀ ąċĀ āý,Ċ2 ā50 (ā25 2 ā75)



–

Ā = ÿ ć⁄

ăÿ ą(ć) ∙ ć4 ÿĉ. ć4ą̃
� = ý�ÿĀĂĀý�ÿĀĂĀ+1/ĀĉāăĂĀĉāăĂĂĆ ĂĆ



ĂĆāý,Ċ2

reflection at ~17 nm⁻¹, originates from the stacking of small graphene

reflections, appear at ~30 nm⁻¹ and ~52 nm⁻¹, respectively. These peaks are sharper and more 

ā(002) = 2ÿć(002) þ = 4ÿ :3∙ć(10) ĈāĈÿ Ĉā,ÿ = ćā,ÿ ∙ 2ÿΓ(002),(01) ćā = 1 ćÿ = 1.84 �(002),(01)Ĉā ā(002)Ċā



 ć
ć j 3 Ąă21ÿ ć⁄ j 1 Ąă

carbonization process. Since N¢ adsorption measurements show no evidence of 

ć > 1 Ąă21

itatively with the rise in pore volumes observed in the N¢ adsorption isotherms (ć j 3 Ąă21ć
 ć ć j 1 Ąă21

obtained from N¢ adsorption studies. ă
ĂĆ Ăā ĂĆ

increase with higher activation levels, consistent with the PSD trends from N¢ adsorption ĂĆ



effectively captured by N¢ sorption at 77 K 

ĂĆ Ăā



~17 nm⁻¹ corresponds to the stacking of small graphene

on average. Two additional broad peaks, at ~30 nm⁻¹ and ~52 nm⁻¹, are 

cystoliths (CaCO£), naturally 

with KOH, K¢CO£, KO¢, SiO¢, CaCO£, Ca(OH)¢, and CaCl¢. 



þ10 Ĉÿ,ÿĎĀ ā(002) Ĉā Ċā � ă ĂĆ Ăā



–1 bar) H¢ isotherms at 77 K. 

All activated samples achieve H¢ uptake exceeding 2 wt

sample series, the materials with the highest KOH ratio exhibit the lowest H¢ uptake. The 

pressure H¢ uptake compared to UTL1 and UTL2. As indicated 

by the PSD analysis from N¢ adsorption (Fig. 2b), the smallest micropores (<1 nm) slightly ĂĆ
pressure H¢ uptake due to the overlapping potential 

–100 bar) H¢ isotherms. In 

greater H¢ uptake, peaking at approximately 30–

as larger pores provide additional space for accommodating H¢ molecules, which becomes 

critical at pressures exceeding atmospheric levels. The decline in adsorbed H¢ after reaching 

[115]

adsorbed H¢ compared to samples with fewer large pores, such as OP1 and OP2.



highest H¢ uptakes, 5.24 wt

[10,116]. Comparable H¢ uptakes ranging from 4.6–

[96,117]



Kendall’s rank correlation coefficients (

. The corresponding pore characteristics and H¢ 



included parameters derived from gas sorption analysis, specifically median pore width (d₅₀

–

(shaded in red) indicate that an increase in a given parameter enhances H¢ uptake at a specific 

parameter results in lower H¢ uptake.



Kendall’s rank correlation coefficients matrix based on the surface chemistry and pore structure 

values f 0.05 repres

Based on Kendall’s rank correlation coefficients, our analysis confirms that micropore volume ą0.722 Ąă ĂþāĐ
H¢ uptake at 5– Ă0.722 Ąă

–ąčďĀĂĐ
At low pressures (f1 bar), ultramicropores (<0.7 nm) demonstrate a moderate to strong 

correlation with H¢ uptake, consistent with the potential overlap of opposing pore walls, which 

less effective, and their correlation with H¢ uptake diminishes significantly. This suggests that 



pressures. The negative or weak correlation between H¢ uptake at high pĂ<0.7 Ąă
Davoodi et al. found that mesopores play a secondary role in H¢ uptake, becoming relevant 

Ă>2 Ąă ĂþāĐ is strongly linked to H¢ 

ĂþāĐ Ă0.722 Ąă
strongest predictors of H¢ uptake using Pearson correlation analysis.

– %) and H¢ uptake 

observed a weaker correlation, aligning with the idea that oxygen’s role 

in H¢ storage may be highly dependent on pore size and/or pressure.

–



enhance H¢ uptake by introducing additional binding sites and modifying the electronic 

correlation with H¢ uptake, suggesting that hydrogen functionalities in the carbon matrix do 

H¢ storage efficiency.

–

and total surface area are the dominant factors governing H¢ uptake, while heteroatom doping 

induced effects on H¢ adsorption.



the following the isotope specific adsorption of H¢ and D¢ will be disc

fully reversible H¢ adsorption isotherms measured at 77 K using two different 

Nevertheless, a comparison to the isotherm collected with D¢ between the samples is possible 

increase with pressure, with D¢ showing slightly higher molar uptake than H¢. The average 

D¢/H¢ uptake ratio

mass difference, play a significant role. Estimated D¢/H¢ uptake ratio for a pore diameter of 

— —



forms of H¢ and D¢ and their distinct temperature



ăďýÿďÿďýĊďÿÿĄā



ăďýÿďăďýĊď



ĂĆ,ďýÿď ĂĆ,ďýĊď

ăďýÿď ăďýĊď ĂĆ,ďýÿď ĂĆ,ďýĊď



The introduction of H¢ and D¢ into the pore space leads to distinct changes in the SANS signal, 

at 77 K for H¢ and D¢ sorption at various gas pressures

tween H¢ and D¢ adsorption within the 

values, a correlation peak around 17 nm⁻¹ is evident, attributed to the 

. With increasing pressure, the D¢ data 

like) D¢ phase form

the pores. Similar intermolecular correlation effects would be expected for H¢. However, for 

H¢, these effects are masked by a much larger overall intensity increase caused by its high 

section compared to D¢, like





values (q < 10 nm &Ā̃(Ć)2+Ć̃ÿ, +Ć̃ýĂĉ,

Ā̃ ĀĆ ÿÿĉÿ ĀÿĊý

&Ā̃(Ć)2 = (+Ć̃ÿ, 2 +Ć̃ýĂĉ,)2 ;  Ā̃ = Ċý ∑ Āÿÿÿĉÿÿ Ā



. For H¢, the intensity increases significantly at 

–10 nm⁻¹) as gas pressure rises, whereas for D¢, the intensity 

for H¢ and decreases for D¢ with gas uptake, indicating a rise in adsorbate mass density in the 

–2 nm

for H¢ and increases for D¢ with successive gas uptake. This behavior cannot be explained by 



+Ć̃ÿ, = +Ć̃ýĂĉ,

contributions to the intensity at q g 10 nm

ā



(ĀĄ2∗ +ĀĀ2∗ )2 = (ĆĊąĊāă )2 ∙ [ÿĄ2 ∙ āĄ2 + ÿĀ2 ∙ (1 2 āĄ2)]2
āĄ2 = 2 ÿĀ2ÿĄ2 2 ÿĀ2 = 0.64



essentially decreasing the scattering contrast for q g 10 nm



, grey line) exhibits a distinct carbon structure factor peak at approximately 17 nm⁻¹, 

along with two prominent <humps= at ~0.7 nm⁻¹ and ~3 nm⁻¹. These features correspond to 

ÿ/ć
–6 nm⁻¹, which 

zero pressures, the data around 10 nm⁻¹ could not be adequately described using only 

ąďýĊď,ÿ(ć, Ć)
Ăÿ(Ć)



ąďýĊď,ÿ(ć, Ć)
This <stack cards= model provides an analytical solution for 1D correlations 

Ăÿ(Ć) &Ā̃(Ć)2
�1 �1 ąĊąĊ

ąĀĉāăĂ =

āΣā¬ (ć, Ć) = ąďýĊď,ą(ć, Ć) + ą ďýĊď,ąą(ć, Ć) + ą ďýĊď,ąąą(ć, Ć) + ąþ,ÿ(ć) + ąþ,ýĂĉ(ć, Ć)

ąďýĊď,ÿ(ć) = Ăÿ(Ć) ∙ Đÿ2ć2 [ (ćĐÿ)2+(ÿÿ21)∙(ÿÿ2+Āÿ2)((ćĐÿ)2+ÿÿ22Āÿ2)2+4ÿÿ2Āÿ2]
Ăÿ(Ć) ∙ ă2ć2 = 8ÿ3ąĊąĊ�1�2(&Ā̃)2



model. This approach is considered a reasonable approximation for the ACC sample’s 

pore model used to calculate the pore size distribution from the N¢ adsorption isotherms 

ąþ,ÿ(ć) ąþ,ýĂĉ(ć, Ć)  ć
expressions for the SANS signal account for the correlation peaks at q>10 nm

section as q³0. 

ý ćă Ćăÿÿ ÿýĂĉ
section, which is particularly large for H¢ and is sensitive to the 

ÿÿ ÿýĂĉ(Ć)

ąþ,ÿ(ć) = ÿÿ + ý ∙ ĂāĆ (2 12 (ć2ćăþă )2)
ąþ,ýĂĉ(ć, Ć) = ÿýĂĉ(Ć) + ýÿĂĉ(Ć) ∙ ĂāĆ (2 12 (ć 2 ćĀ22Ā2ĆĀ22Ā2 )2) 

ÿÿ = (āΣā¬)āÿĈĀąĄ = ĀĆąċĈÿĄąĀÿĆĆÿĈăĄĊ ∙ (Ċą)ÿ (āσā¬) = ĀĆąċĈÿĄąĀÿĆĆÿĈăĄĊ ∙ ăā ∙ ĊýąĉÿăĆĂă ∙ ∑ Āÿĉÿ ∙ ((ÿÿĄā,ÿ)2 + (ÿāą/,ÿ)2)ÿ= ĀĆąċĈÿĄą2ĀÿĆĆÿĈăĄĊ ∙ Ċý ∙ ∑ Āÿĉÿ ((ÿÿĄā,ÿ)2 + (ÿāą/,ÿ)2)ÿ



ăÿ ąĉÿăĆĂă Āÿÿÿ ĉÿ ÿ
ĀĆąċĈÿĄąĀÿĆĆÿĈăĄĊ = 11�ĉāăĂ+ýĊąĊ ÿýĂĉ ąþ,ýĂĉ(ć, Ć)ÿă�

ăąĆ,Ą2 = 34 ăąĆ,Ā2 = 13 ăąĆ,Ą2 = 59ăąĆ,Ā2 = 516 ăąĆ,Ą2 = 12 ăąĆ,Ā2 = 13 for 77 K. <Normal= H

ÿýĂĉ

ÿýĂĉ = (āΣā¬)ÿĂĉ,āą/ + (āΣā¬)ÿĂĉ,ÿĄā = ĀĆąċĈÿĄąĀÿĆĆÿĈăĄĊ ∙ ( ĊĄ2 Ā2⁄ąĉÿăĆĂă)ĉąĂ ((āσā¬)ÿĂĉ,āą/ + (āσā¬)ÿĂĉ,ÿĄā)
ÿýĂĉ = ĀĆąċĈÿĄąĀÿĆĆÿĈăĄĊ ∙ ÿă� ∙ ăā ∙ Ċý ąĉÿăĆĂă ∙ ((āσā¬)ÿĂĉ,āą/ + (āσā¬)ÿĂĉ,ÿĄā)

= ĀĆąċĈÿĄą2ĀÿĆĆÿĈăĄĊ ∙ ÿă� ∙ Ċý ((ÿāą/,Ą2 Ā2⁄ )2 + ăąĆ ∙ (ÿÿĄā,Ą2 Ā2⁄ )2) = ćĄ2/Ā2 ∙ ÿă�



ÿÿ ÿýĂĉ ÿÿÿýĂĉ

ĀĉāăĂ (Ą/Āă³)ĀĆąċĈÿĄą (Ą/Āă³)Āapparent (Ą/Āă³)ăąĆ(Ą2/Ā2)(Ą/Āă³)ÿÿ (Āă21)ćĄ2 (Āă21 ąăąĂ)ćĀ2 (Āă21 ąăąĂ)

ąþ,ýĂĉ(ć, Ć)ÿÿ ąþ,ÿ(ć)



For pb0, the structural parameters from the empty sample, including the respective pore ąþ,ÿ(ć)Ăÿ(Ć) ąþ,ýĂĉ(ć, Ć)
dependent H¢/D¢ SANS data. Using this approach, all SANS curves for both H¢ and D¢ Ăÿ(Ć)&Ā̃(Ć)2, which is directly related to the density of adsorbed H¢/D¢ in each 

here. First, for H¢, the large incoherent scattering cross ÿÿĄā,Ą2/ÿÿĄā,Ā2 j 40ÿýĂĉ(Ć)
to the coherent scattering from class III (dotted line). Second, for D¢, a different challenge 

arises at higher pressures. As D¢ den

ąþ,ýĂĉ(ć, Ć)



ĀĆąĈă2ĆąĈă ĀĆąĈă2ĆąĈă = 2ÿă/ÿ



–

Ăÿ(Ć)ÿýĂĉ(Ć)

Ăąąą(Ć)



ą �ąąą , �ąą , �ą
�ÿ = 1 2 �ąąą + �ą + �ąĀ̃ąąą(Ć), Ā̃ąą(Ć), Ā̃ą(Ć)

+Ā̃ÿ,

+Ā̃ąąą,(Ć) = +Ā̃ąą,(Ć) = +Ā̃ą,(Ć) = 0

Ăąąą(Ć) = 8ÿ3ą�ąąą ∙ �ā ∙ (+Ā̃ÿ, 2 +Ā̃ąąą(Ć),)2Ăąąą(0) = 8ÿ3ą�ąąą ∙ �ā ∙ +Ā̃ÿ,2
Ăąą(Ć) = 8ÿ3ą�ąą ∙ (�ā + �ąąą) ∙ ({+Ā̃ÿ,(Ć) ∙ �ā + +Ā̃ąąą,(Ć) ∙ �ąąą} 2 +Ā̃ąą(Ć),)2Ăąą(0) = 8ÿ3ą�ąą ∙ (�ā + �ąąą) ∙ (+Ā̃ÿ, ∙ �ā)2
Ăą(Ć) = 8ÿ3ą�ą ∙ (�ā + �ąąą + �ąą) ∙ ({+Ā̃ÿ, ∙ �ā + +Ā̃ąąą,(Ć) ∙ �ąąą + +Ā̃ąą,(Ć) ∙ �ą} 2 +Ā̃ą,(Ć))2Ăą(0) = 8ÿ3ą�ą ∙ (�ā + �ąąą + �ąą) ∙ (+Ā̃ÿ, ∙ �ā)2
ïĀ̃āð = ∑ �ÿ  Ā̃ÿ = ∑ ąÿąĉāăĂ  Āÿ  ÿÿ  Ċýĉÿ =ÿÿ ∑ ąÿąĉāăĂ ăÿ  ÿÿ  Ċýĉÿ  ąÿÿ = ∑ ąÿăĉāăĂ ăÿ  ÿÿ  Ċý ĀĉāăĂĉÿ  ąÿÿ= ĀĉāăĂ  Ċý ∑ ÿÿ  Āÿĉÿÿ



increase in adsorbate density with rising pressure. For H¢, the density

The D¢ density evolution ( ) demonstrates weaker densification compared to H¢, 

with the mass densities in pore class III being of a similar order to those for H¢ but 

corresponding to approximately half the molar density. This discrepancy between H¢ and D¢ 

D¢ density than H¢ density. However, for D¢, the scattering contrast decreases significantly as 

+Ā̃ąąą,(Ć) =  +Ā̃ÿ, 2 +Ā̃ÿ, ∙ :Ăąąą(Ć)Ăąąą(0)
+Ā̃ąą,(Ć) =  2 (+Ā̃ÿ, ∙ �ÿ ∙ :Ăąą(Ć)Ăąą(0) 2 +Ā̃ÿ, ∙ �ÿ 2 +Ā̃ąąą,(Ć) ∙ �ąąą)
+Ā̃ą,(Ć) =  2 (+Ā̃ÿ, ∙ �ÿ ∙ :Ăą(Ć)Ăą(0) 2 +Ā̃ÿ, ∙ �ÿ 2 +Ā̃ąąą,(Ć) ∙ �ąąą 2 +Ā̃ąą,(Ć) ∙ �ąą)
Āÿ(Ć) = ĉĄ2/Ā2 ∙ +Ā̃ÿ,(Ć)ÿĄ2/Ā2 ∙ Ċý



contrast reduces the sensitivity of density measurements for D¢, making the absolute values 

less reliable than those for H¢, particularly in pore class III at higher pressures.

Further evidence supporting the notion that the D¢ molar density in the smallest pores 

approaches similar values to H¢ comes from the D¢ D¢ correlation peak at ~18 nm⁻¹ in ćăÿ�āĀ22Ā2 = 2ÿ/ćăÿ�



shows that the mass density of D¢ derived from this estimate aligns with the bulk 

D¢ and H¢ in pore class III are similarly high, both exceeding the bulk solid density due to the 

effects of strong confinement. For H¢ H¢ correlations, 

section of H¢ (approximately 1/4 that of D¢) 

and the high incoherent scattering contribution of H¢, the detailed evolution of this peak could 

A further explanation for the discrepancy in D¢ density calculation arises from the subtle effect 

D) exchange may occur during D¢ adsorption, leaving 

some chemically bound deuterium (D) in the carbon matrix and forming HD or H¢ in the 

of the empty sample before and after a D¢ adsorption/desorption cycle. 



the four adsorption runs, performed sequentially as H¢ at 77 K, H¢ at 87 K, D¢ at 77 K, and D¢ 

except for noticeable differences around 10 nm⁻¹. The initial measurement (black curve) 

t H¢ 

q intensity decreases, suggesting residual H¢ remained in the sample after evacuation. 

Following the second H¢ cycle at 87 K (blue curve), the SANS

the first D¢ adsorption/desorption cycle (green curve), the high

contribution in the 10 nm⁻¹ region.

T remains consistent at ~0.16 for the empty sample after the two H¢ 

adsorption cycles. However, after the first D¢ adsorption/desorption cycle, 1

emerges during D¢ adsorption. Initially, 1 T increases with D¢ uptake but begins to decrease at 

higher D¢ uptake levels. In contrast, during H¢ adsorption at both 77 K and 87 K, a reversible 

decreasing total scattering cross section with increasing D¢ uptake can only be explained by 

D exchange, where the resulting HD or H¢ molecules escape into the gas phase outside the 



e analysis was undertaken. Therefore, the D¢ density evolution, particularly for 

dependent densification of supercritical H¢ at low gas pressures. However, for D¢, the 

ÿýĂĉ(Ć)



derived from QSDFT data based on N¢ adsorption, which may not accurately represent the 

ector range, such as 0.3 nm⁻¹ to >50 nm⁻¹, to further enhance understanding of 

H¢/D¢ may contribute to the observed differences in adsorption 



silico neutron scattering simulations of H¢ and 

D¢ adsorption in analogous nanoporous carbons were p

, nitrogen (N¢) 

isotherms, leading to comparable pore size distributions (PSDs) for N¢ at 77 K, as shown in 



temperature annealed structures exhibit remarkable similarity below q j 25 nm⁻¹. However, 

effects. The two peaks observed at q j 30 nm⁻¹ and q j 55 nm⁻¹ correspond to the in

samples, pore structure characteristics derived from N¢ adsorption and the correlation length 

āý,Ċ2Ăā



generated nanoporous carbon (NPC) structures. (a) NPC1: porosity φ = 0.65, 

annealing temperature T = 2000 K; (b) NPC2: φ = 0.65, T = 4000 K; (g) NPC3: φ = 0.48, T = 2000 K; (h) NPC4: φ = 

pore model applied to simulated N¢ isotherms of NPC1 and NPC2, and NPC3 and NPC4, 



ĂčďĀĂĐ,Ċ2 ąčďĀĂĐ,Ċ2 āý,Ċ2 � Ăā

calculated for slit pores using 2∙� ĀĉāăĂ

The simulated adsorption isotherms for H¢ and D¢ in the NPC structures are presented in 

). The higher H¢ 

and D¢ uptake in NPC3 at j1000 mbar can be attributed to its greater specific surface area, 



A slightly higher D¢ uptake compared to H¢ is observed for all four NPC structures, which can 

Jones (LJ) potential well for D¢, a consequence of its 

also show a marginally higher D¢ uptake relative to H¢.



�ÿĀ āÿĀ āĀ⁄ ăĈ

–

pore size and shape, on H¢/D¢ uptake can be achieved by introducing a parameter that 

ýāÿĈĀąĄ6 =  0.6046
ýāÿĈĀąĄ6 =  0.9132 ýāÿĈĀąĄ6 =  0.5811ý



�ÿ,Ā Ā ÿāÿ āÿ,ĀāĀ
–

āÿ

āÿ Ą(Ĉ)āÿ
H¢, and D¢, as illustrated in – Ą(Ĉ)
approximately 5 Å for both H¢ and D¢, establishing it as the relevant cut

�ÿ,Ā = 2ÿ (1 2 Ăÿ,Ā:Ăÿ,Ā2 +ĎĀ2) āĀ = Ăā2ā2 = 0.715 Å
Āąÿ = ∑ �ÿ,ĀþāÿĈĀąĄĀ=14ÿ∙ýāÿĈĀąĄ ∙ 100 ýāÿĈĀąĄ6 =  0.6046



spatial arrangement of adsorbed (b) H¢ and (c) D¢ molecules within the NPCs at a pressure of 1000 mbar, 

–

H¢–H¢ distance observed is around 



: (a) Mean Degree of Confinement (DoC) as a function of H¢/D¢ loading for the four NPC structures. 

Solid lines represent H¢ adsorption, while dashed lines correspond to D¢ adsorption. The inset displays the 

. (b) DoC histogram for the NPC1 structure at an H¢ loading of 7.5 mmol/g, and (c) the 

of the H¢/D¢ adsorbed amount. At low filling fractions, the mean DoC is at its highest, which 

—

—

The DoC distributions for NPC1 and NPC3 at a simulated H¢ uptake of 7.5 mmol/g are shown 



The simulated and experimental H¢/D¢ adsorption isotherms provide a global measure of 

impact of H¢/D¢ adsorption. To improve statistical accuracy, the simulated adsorption 

—

particularly significant for H¢—



structure at loadings of 3.5 and 7.5 mmol/g for H¢ 

(blue) and D¢ (red) are shown in (a) and (b), respectively. (c, d) Display the ratio of the SANS intensity at different 

or H¢ and D¢, 

D¢ adsorption across both MSC

j 8 nm⁻¹, which corresponds to the contrast reduction between the adsorbed D¢ and the 

values, where the overall intensity increases upon D¢ adsorption, as expected from the total 

values (>10 nm⁻¹), short

correlations such as D¢ D¢ and D¢

correlation peak at q j 20 nm⁻¹. The quantitative agreement between NPC1/NPC2 and MSC

minimum in the experimental curve appears slightly shifted toward q j 10 nm⁻¹ and the 



data extends only up to q j 20 nm⁻¹, and the strong statistical fluctuations in the simulated 

In contrast, the simulated results for H¢ exhibit significant deviations from experimental data 

(c)). The expected minimum at q j 15–20 nm⁻¹ in the simulated 

—arising from H¢ —

peak appears in the experimental curve around q j 20 nm⁻¹, which is absent in the simulation 

s discrepancy suggests that H¢ adsorption does not strictly follow the expected two

phase adsorption model (i.e., a homogeneous H¢ layer inside a uniform carbon matrix). 

H¢ molecules, possibly involving H¢ clustering effects.

: Snapshots of the MC simulation within the NPC4 structure at loadings of 3.5 and 7.5 mmol/g for H¢ 

(blue) and D¢ (red) are shown in (a) and (b), respectively. (c, d) Present the ratio of the SANS intensity at different 

g sample, averaged for NPC1 and NPC2 structures for H¢ and D¢, 



The apparent lack of a minimum in the experimental H¢ scattering data at q j 15–20 nm⁻¹ 

suggests that H¢ H¢ correlations dominate over H¢

D¢ adsorption case. This could indicate the formation of locally dense H¢

expected H¢ density in confinement.

Furthermore, the experimental H¢ scattering intensity increase at q j 10 nm⁻¹ is nearly 

, which may contribute to unexpected H¢

experimental intensity ratio at q j 10 nm⁻¹ for ACC exceeds that of MSC

chemistry rather than pore size effects. The stronger D¢ densification in ACC, as observed in 



–

significant differences in the physisorption behavior of H¢ and D¢ in nanoporous carbons at 

with the experimental results for D¢ adsorption, a clear discrepancy arises for H¢, suggesting 

The findings indicate that D¢ exhibits strong interacti

to pronounced D¢ C correlations, whereas H¢ appears to favor a cluster

–

like behavior of H¢ molecules at 77 K in sub

rotor line in the INS spectra suggests that H¢ accumulates in clusters rather 

dynamics. Due to its greater mass, D¢ exhibits a smaller thermal de Broglie wavelength than 

H¢ at the same temperature, resulting in distinct mobility characteristics. D¢ becomes mobile 

at ~13 K when heated from the solid state, whereas H¢ remains immobilized until ~25 K 

like state of confined H¢ have been observed 

D¢ are lacking, its significantly higher diffusivity (~70 times that of H¢ at 77 K) may explain some 

H¢, 

—particularly at scattering vectors above 10 nm⁻¹ (

— H¢ clustering and deviations in the H¢ scattering 



H¢ could introduce additional coherent scattering contributions, 

To further investigate the local configurations of adsorbed H¢ molecules, heuristic Monte 

H¢ and H¢

H¢ equilibrium distances, as well as the preferential placement of molecules in high

DoC regions. The first set of simulations examined the influence of H¢ H¢ distance on the 

where the radial distribution functions (RDFs) for various H¢ H¢ separations at 7.8 mmol/g 

(a), while the scattering intensity ratios for H¢ and D¢ are 

arrangements was examined, where H¢ molecules were arranged in close



: Heuristic simulations of various H¢ and D¢ 

distribution function g(r) of H¢ for different H¢ H¢ distances, considering a placement threshold DoC of 45. (b, c) 

molecule distances for H¢ and D¢, respective

high DoC regions (DoC < 30 and DoC > 45, respectively) for H¢ and D¢. (f) I(n)/I(0) for H¢ and D¢ molecules arranged 

Interestingly, the simulated scattering signal for H¢ clusters arranged in a

D¢ clusters resulted in a distinctly different scattering intensity profile. This supports the 

hypothesis that H¢ clustering plays a significant role in its adsorption behavior, whereas D¢ 

—

H¢ and H¢ H¢ distances and DoC



incorporated to accurately capture the clustering tendencies of confined H¢ molecules. Future 

rences in H¢ and D¢ 
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— —



Additionally, the neutron scattering data confirm a significant exchange of D¢ with pre



reveals that while deuterium (D¢) follows the predicted adsorption trends, hydrogen (H¢) 

H¢, which possesses a 

ntum effects governing H¢ adsorption in confinement.

manipulating H¢ H¢ and H¢

no configuration led to a fully satisfactory agreement with experiment. Interestingly, when H¢ 

orting the hypothesis that H¢ may 
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