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A B S T R A C T   

Catalytic ammonia decomposition enables ammonia to be a hydrogen gas carrier for a carbon-free fuel economy. 
The challenge is to obtain high conversion yields and rates at low temperatures for a prolonged time. A promising 
approach is to engineer a catalyst support to minimize deleterious effects like sintering. Here, we compared a 
conventional 2D planar porous framework support with a vertically standing 2D structure to ascertain the effects 
of support geometry on the catalytic performance. The catalysts were made by loading ruthenium (Ru) nano
particles onto the structures, and the catalytic activities were monitored by varying the ammonia (NH3) feeding 
rate and reaction temperature. Unlike the planar version, the vertically standing 2D support prevented nano
particle aggregation, retained the original nanoparticle size, and showed an excellent hydrogen production rate 
(95.17 mmol gRu

− 1 min− 1) at a high flow rate of 32,000 mL gcat
− 1 h− 1 at a temperature of 450 ◦C.   

1. Introduction 

In heterogeneous catalysis, targeted design of a catalyst support 
could foster effective use of the catalytic sites and maximize the catalytic 
activity [1–4]. Porous supports with large surface areas are widely used 
to anchor active metal catalysts [5,6]. Fabricating catalyst support via a 
bottom-up strategy using polymerization reactions can be a simple way 
to achieve desired pore sizes and anchoring sites [5,7]. 

For catalyst stability, it is widely believed that designing catalyst 
supports with polar surfaces is beneficial for maintaining tight in
teractions with metal particles. Therefore, studies focused on catalyst 
supports with a heteroatomic layout [8,9]. In particular, nitrogen (N)- 
doped carbon structures or defects feature localized electrons that 
function as metal anchoring sites [1]. These carbon nitride structures 
have been studied as support platforms to confine nanoparticles for 
efficient catalysis [5]. Monomers with N-containing functional groups 
such as phenazine, triazine, phthalocyanine, benzimidazole, iso
indolone, and anthrazoline, could, therefore, be used to construct two- 
dimension (2D) or three-dimension (3D) organic frameworks as cata
lyst supports [10–16]. 

2D catalyst supports often have large surface areas relative to their 
masses [1]. The 2D materials with fused aromatic systems can be 
particularly useful for metal-anchoring on their surfaces. Their pre
dominant sp2 hybridization [13] makes them excellent catalyst supports 
with better thermal stability than conventional structure formed by 
carbonization of the linear polymer [17,18]. The catalytic activity, 
however, generally decreases over time due to the catalyst migration 
across the support’s unobstructed surface during a high temperature 
catalytic reaction [19]. In addition, the interlayer interactions between 
the 2D layers inevitably cause surface area losses due to strong π-π 
stacking [20]. 

To lessen interlayer interactions while building a 2D polymer with a 
very high surface area, vertically standing 2D structures from monomers 
with perpendicular extensions proved effective by deforming the C2 
symmetry in the final, fused aromatic framework [20,21]. 2D extended 
ladder polymers, in particular, often have an intrinsic microporous 
structure and provide the advantage of efficient processing of a large 
amount of gas in separation applications because of their excellent 
permittivity [22]. In addition, a fully conjugated ladder-type backbone 
possesses extraordinary thermal and chemical stabilities, enabling them 
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to survive extremely harsh conditions. 
In this work, we designed a sintering-resistant catalyst by anchoring 

metal nanoparticles on the vertically standing 2D (V2D) fused aromatic 
ladder polymers for low temperature catalytic ammonia decomposition. 
Ammonia is an emerging green hydrogen carrier with high-capacity 
delivery potential (121 kg H2/m3, 17.64 wt% of H2 capacity) [23] and 
its low temperature cracking is an outstanding industrial challenge for 
the safe transport of hydrogen. Since ruthenium (Ru) metal shows op
timum binding energy with ammonia, it is frequently selected as the 
active metal for catalytic ammonia cracking [23–25]. When we loaded a 
similar amount of Ru onto the 2D carbon structures, the V2D support 
prevented the aggregation of metal particles, resulting in a smaller 
particle size and uniform distribution than a planar 2D (P2D) frame
work. The Ru-V2D showed a significantly higher ammonia conversion 
rate at a high gas hourly space velocity (GHSV). Our results unlock the 
potential of carefully designed support geometries for outstanding cat
alytic activities and kinetics. 

2. Results and discussion 

We prepared two polymer network structures with pore sizes as 
similar as possible to reduce the difference in the structural parameters 
(Fig. 1) to study the 2D support effects. The conventional planar 2D 
(P2D) structure was prepared by combining triphenylene-2,3,6,7,10,11- 
hexamine (TPHA) hexahydrochloride with pyrene-4,5,9,10-tetraone 
(tetraketopyrene, TKP), and the vertically standing 2D (V2D) structure 
was synthesized by triptycene hexamine (THA) instead of TPHA (see the 
section on experimental procedures in the Supplementary Information). 
The rigid synchronous formation of phenazine rings provides direc
tionality to the extended structure and facilitates the 2D growth of the 
ladder-type backbone [26]. During the reaction, RuCl3 serves as a Lewis 
acid to catalyze pyrazine synthesis, and the formation of fused aromatic 
phenazine linkages provide a robust framework with excellent thermal 

stability. In addition, the pyrazine interacts with Ru cations to stably 
anchor the metal, thereby helping to form nanoparticles during subse
quent reduction and thermal treatments, and eliminating the separate 
deposition [3]. After annealing the samples at 800 ◦C, Ru-V2D showed a 
larger visual sample volume than Ru-P2D (Fig. S1) because its perpen
dicular growth gives a loosened packed structure and is expected to have 
good gas permeability [27–29]. 

To avoid compositional differences stemming from experimental 
conditions, heat-treated Ru-V2D, Ru-P2D, and Ru/C (commercial) were 
all prepared to have similar amounts of Ru. In an effort to select the best 
Ru quantification method, we reviewed the literature and found that 
three methods are often employed: (1) assuming the mixing ratio from 
the synthesis procedure to remain the same in the final structure 
[30–32], (2) using inductively coupled plasma-optical emission spec
troscopy (ICP-OES) [33], or (3) X-ray fluorescence (XRF) elemental ra
tios (Table S1) [34]. However, each of these three methods has severe 
limitations. When mixing ratios are considered, it generally assumes 
that the carbon, hydrogen, and nitrogen content of the composite ma
terials stay unchanged after the heat treatment. The Ru percentage, 
however, almost always increases in the actual tested sample as the 
organic components decompose by heat treatment-induced pyrolysis. 
The solubility of Ru is often too poor to be precisely measured by ICP- 
OES (requires a large amount of solvent or else leads to underestima
tion) [35], and the XRF is a highly sensitive surface analysis tool that 
gives a rough estimate of the surface cross sections for most of the trace 
elements [36,37]. Therefore, we decided to minimize the uncertainty of 
the Ru content and found that the residue of thermogravimetric analysis 
(TGA) in the air gives the most accurate value for the Ru content (Fig. S2 
and S3). The Ru content of each catalyst was, therefore, confirmed as 
12.42 (Ru-V2D), 13.24 (Ru-P2D), and 12.08 wt% (Ru/C). 

The structural analysis was carried out to observe the differences 
between the two newly developed catalysts. The N2 adsorption iso
therms (based on Brunauer-Emmett-Teller (BET) theory) and pore size 

Fig. 1. Synthesis of the Ru-anchored planar 2D (Ru-P2D) and vertically standing 2D (Ru-V2D) structures (cyan ball: Ru particle, gray: carbon, blue: nitrogen). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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distributions (from Non-Local Density Functional Theory – NLDFT) of 
Ru loaded 2D frameworks show similar profiles as before the metal 
loading, which is prepared by trifluoromethanesulfonic acid (TFMSA) 
[20]. The Ru-V2D has a high surface area of over 1100 m2 g− 1 even after 
metal nanoparticle anchoring (Fig. 2A) [20]. The specific surface area of 
Ru-V2D (1130 m2 g− 1) is almost twice that of the Ru-P2D, which is only 
627 m2 g− 1. The pore size distribution from the NLDFT shows 0.7 nm, 
similar to pristine structures (Fig. 2A inset). In the case of commercial 
Ru/C, it has 840 m2 g− 1 with 0.49 nm of main pore width (Fig. S4). 
Interestingly, the Ru cations are also reduced to Ru0 as particles form, 
even though the thermal treatment is carried out at just 800 ◦C. 

The powder X-ray diffraction (XRD) patterns show carbonized sup
ports with embedded Ru nanoparticles (Fig. 2B, Fig. S4). In the case of 
Ru-P2D, the polymeric structures carbonize during the heat treatment 
and increase the π-π interactions between the layers to form bigger Ru 
nanoparticles through limited penetration between the layers. In 
contrast, the nanoparticles of Ru-V2D did not grow as much like in the 
Ru-P2D, even though it contains a similar amount of Ru. The particle 

size distributions from transmission electron microscopy (TEM) 
(Fig. 2C) revealed that the Ru-V2D has an average particle size of 2.3 
nm, less than half of the Ru-P2D (5.3 nm). This trend is consistent with 
the powder XRD results calculated from the Scherrer equation as 1.72 
nm and 4.81 nm, respectively. It is highly probable that in Ru-P2D, Ru 
moves over a conventional layered structure during heat treatment and 
forms larger particles due to aggregation, consistent with Hüttig tem
perature [19]. On the other hand in Ru-V2D, vertically standing pyr
azine N anchors the Ru particles and blocks the path of aggregation, 
preventing further particle growth. The 600 ◦C treated Ru/C showed 
irregular particle size distribution because of their broad range of carbon 
structural morphology (Fig. S4). 

The bonding nature of the catalysts was analyzed by X-ray photo
electron spectroscopy (XPS) (Fig. 3A). The formation of the pyrazine 
ring is confirmed by the C1s peak centered at 285.84 eV and N1s at 
397.98 eV. The appearance of Ru nanoparticles after the heat treatment 
was verified from the peak at 280.34 eV for Ru0. As carbonization 
proceeds, the percentage of pyridine N is reduced, and pyrrolic N 

Fig. 2. Structural investigation of Ru-anchored V2D (Ru-V2D) and P2D (Ru-P2D) networks. (A) Nitrogen adsorption/desorption isotherms at 77 K. Inset: NLDFT pore 
size distribution. (B) X-ray diffraction patterns (XRD) of two structures with Ru peaks (PDF no. 89–4903, cyan bar), (C) Histograms of the particle size distribution for 
fresh Ru nanoparticles. TEM images of Ru-V2D (D-F) and Ru-P2D (G-I). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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(400.55 eV) along with graphitic N (401.82 eV) increases. The flat P2D 
structure undergoes carbonization more quickly with lower N1s in
tensity than V2D. The heat-treated Ru/C follows the same tendency. The 
scanning electron microscopy (SEM) image analysis shows that Ru-V2D 
has powder-like morphology (Fig. 3B), and Ru-P2D has layer-type 
morphology (Fig. 3C). The elemental composition and the distribution 
are confirmed by the energy-dispersive X-ray spectroscopy (EDS) 
mapping. 

The decomposition of ammonia (2NH3 (g) → N2 (g) + 3H2 (g)) is an 
endothermic reaction (ΔH0) of + 42 kJ mol− 1 at standard temperature 
and pressure (STP); it requires an energy input to overcome the acti
vation energy barrier. Therefore, developing efficient catalysts that can 
lower this barrier is crucial. Various factors, such as the particle size of 
the catalyst metal and the nature of the catalyst support, influence the 
catalytic activity of ammonia decomposition. Carbon-based materials 
have emerged as promising candidates for catalytic support due to their 
electron-rich and conductive nature and strong basicity, which can 
enhance the catalytic efficiency of the system. Specifically, it has been 
reported that electron-rich, conductive support materials with strong 
basicity exhibit high catalytic efficiency [38]. Therefore, carbon-based 
materials are considered suitable and durable catalytic supports for 
ammonia cracking reactions. 

To investigate the role of support structure on the catalytic activity, 
the NH3 cracking performance of Ru-V2D, Ru-P2D, and commercial Ru/ 
C (Ru on activated carbon) were tested in the same conditions. To pre
pare all the catalysts for ammonia decomposition, experiments were 
typically carried out at 350–550 ◦C; Ru/C was also heat-treated at 
600 ◦C under inert conditions. The catalytic activities of all catalysts 
were evaluated simultaneously using a four-channel reactor system to 
reduce experimental and user errors. In addition, samples having similar 
amounts of Ru were prepared to minimize the differences in perfor
mance due to the amounts of Ru. 

For the fast H2 production from NH3, it is essential to show a high 
conversion rate at a high GHSV [23,39–41]. Therefore, the mass of 
catalysts was kept constant while the flow rate varied, and the 

conversion rates were actively monitored (Fig. 4A) by a gas chromato
gram (GC). As the GHSV value increased from 5,500 to 32,000 mL gcat

− 1 

h− 1, the NH3 conversion decreased for all catalysts, as expected. The Ru- 
V2D catalyst shows hydrogen generation performance at least twice 
more than the Ru-P2D and Ru/C catalysts (Fig. 4B) and highly 
competitive activity compared to reported catalysts (Table S1) with 
higher TOF (Fig. S5). The activation energy was calculated using the 
Arrhenius equation at a lower conversion region, showing that Ru-V2D 
had 82.43 kJ mol− 1, Ru-P2D had 82.75 kJ mol− 1, and Ru/C had 91.94 
kJ mol− 1 (Fig. S6). 

There are two main reasons why Ru-V2D shows high performance. 
First, Ru-V2D has a smaller particle size distribution than Ru-P2D, 
providing more active sites. This is predominantly because the aggre
gation opportunity is less in a vertically standing (V2D) structure than 
that of a flat (P2D) one. Secondly, the sp2 orbitals perpendicular to the 
growth plane are difficult to interact with other planes, expanding the 
surface area and allowing more gas molecules to penetrate and react 
quickly. Therefore, on the vertically standing 2D structures, the active 
metal particles are distributed uniformly, enabling them to be efficiently 
utilized even at a fast gas flow rate. 

In a continuous temperature ramping experiment, Ru-V2D and Ru- 
P2D were heated to 350–500 ◦C and back (Fig. S7). Interestingly, 
when the ammonia decomposition temperature was reverted back to 
450 ◦C after testing at 500 ◦C, the Ru-V2D catalyst maintained its cat
alytic activity the same as before the heating, while in the case of Ru- 
P2D, the activity decreased. After the reaction, the catalysts were 
collected to investigate the morphology changes in the catalyst by TEM 
analysis. The TEM images indicated that Ru nanoparticles preserved 
their size in the Ru-V2D catalyst with no apparent changes in the 
morphology (Fig. 4D). On the other hand, the particles grew bigger in 
the case of Ru-P2D and Ru/C after the catalytic reaction (Fig. 4E, 
Fig. S4). The average particle size distribution of Ru-P2D changed from 5 
to 10 nm, with no particular growth pattern. In the case of the com
mercial Ru/C, it exhibited a bigger particle size (50 nm) in a wider size 
distribution (Fig. S4). The generated hydrogen gas may lead to 

Fig. 3. Elemental mapping and electron microscopic analysis for Ru catalysts. (A) X-ray photoelectron spectroscopy (XPS) spectra of Ru-V2D, Ru-P2D, and Ru/C. The 
graphs for Ru3p, N1s, and C1s + Ru3d are shown. (B) Scanning electron microscopy images of Ru-V2D and (C) Ru-P2D with Energy-dispersive X-ray spectroscopy 
(EDS) mapping of the catalysts (scale bar: 10 mm). 
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aggregation by promoting reductive mobility on the Ru particles during 
ammonia decomposition [42]. However, the V2D structure showed ag
gregation blocking by vertical carbon obstructions prevented such un
wanted growth, providing long-term stable activity. The Ru-V2D 
showed stable activity and unchanging structure even after 10 cycles of 
the NH3 decomposition test (150 h, Fig. S8). Combining ammonia 
decomposition and structural analysis from the tested catalysts, we 
concluded that vertically grown 2D structures promote catalytic activity 
by particle size control and provide catalytic stability by preventing 
further aggregation (Fig. 4F). 

3. Conclusions 

In conclusion, we have shown the effect of vertical obstruction for 
particle size control in Ru nanoparticle-loaded 2D porous pyrazine 
frameworks. Ammonia cracking was selected as an industrially prom
ising reaction to study the impact of the support design. The planar 2D 
carbons led to undesirable aggregation in Ru nanoparticles, lowering the 
catalytic activity over long reaction times. The vertically standing 
frameworks provided stoppers for aggregation prevention, resulting in 
enhanced activity and longevity in ammonia cracking. The findings 
show the need for geometric modification of support frameworks for 
containing and guiding active metal sites for enhanced catalytic 
activities. 
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Fig. 4. Ammonia decomposition study under practical gas flow and reaction temperatures. (A) Ammonia decomposition conversion graph at 450 ◦C according to 
flow rates. (B) Hydrogen production rate per Ru contents (mmol gRu

− 1 h− 1) at 450 ◦C in each structure. (C) Decomposition conversion curves and activation energy of 
each structure at P = 1 atm; T = 350–550 ◦C, GHSV: 22,000 mL gcat

− 1 h− 1. (D, E) TEM images of Ru-V2D (D) and Ru-P2D (E) after ammonia decomposition reaction. (F) 
Illustration of the anti-sintering effect of the V2D vs. P2D structure. 
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