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A B S T R A C T

In aluminosilicate zeolites, the atomic-scale insights into catalytic performance are tied to Brønsted acid sites 
(BASs), the primary active sites generated by the substitution of aluminum (Al) for silicon (Si) in the tetrahedral 
framework, with a proton (H⁺) compensating for the resultant charge imbalance. The profound influence of Al 
distribution on BAS density, spatial arrangement, and acidity is well established. Yet, the precise atomic positions 
of these Al atoms remain poorly resolved. Using silver (Ag) as a molecular probe, this study combines syn
chrotron X-ray diffraction (SXRD) and high-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) to reveal the specific locations of Al atoms in ZSM-5, a prototypical zeolite catalyst. Statistical 
analysis of HAADF-STEM images unambiguously identifies the crystallographic adsorption sites of Ag at T4, T6, 
and T8, linking their distribution directly to the predominant framework Al sites, which correlates perfectly with 
the predominant Al sites identified by our previous work. By mapping these Al sites, we establish an atomic-scale 
model for single atom catalysis within the zeolite framework. This work develops methodologies further to 
elucidate the structure-activity relationship of industrially relevant zeolite catalysts, providing the foundational 
knowledge for rationally designing zeolite catalysts with optimised active sites and enhanced performance.

1. Introduction

Zeolites are highly important heterogeneous acid catalysts that have 
extensive applications in the industrial field. For aluminosilicate zeo
lites, the replacement of Si4+ with Al3+ at the tetrahedral sites (T-sites) 
introduces a negative charge in the framework, which is often coun
terbalanced by a proton, resulting in the formation of Brønsted acid site 
(BAS) [1–3]. Thus, the precise positioning of BAS is intricately linked to 
the distribution of Al atoms within the zeolite framework. Since the 
location and concentration of acid sites can influence the catalytic and 
physicochemical properties of zeolites. [4,5] The local Al site-selective 
distribution is essential for understanding the orientation specificity of 

adsorption and catalytic reactions. More importantly, determining these 
sites with atomic precision is a critical prerequisite for designing and 
understanding single-atom catalysis in zeolites.

The distribution of Al in zeolites has been studied for many decades 
[6–9]. Both practical experiments and theoretical studies have suggested 
that the distribution of Al across the chemically inequivalent sites is 
non-random and heavily dependent on synthetic conditions [10], 
though this relationship remains under-characterised. ZSM-5, a proto
typical zeolite catalyst, has attracted significant attention [11]. There 
are 12 T-sites in the ZSM-5 framework in theory. However, not all of 
them are equally occupied. In fact, Al atoms preferentially occupy only a 
few distinct T-sites [12–14].
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Thus, understanding the Al site-selective distribution in the zeolite 
framework is a priority. Over the years, various techniques have been 
employed to pinpoint the placement of Al atoms within zeolites, 
including solid-state nuclear magnetic resonance spectroscopy (SSNMR) 
for H-ZSM-5 [15–18], Fourier transform infrared (FT-IR) for MFI zeolite 
[19,20], extended X-ray absorption fine structure (EXAFS) for H-type 
zeolite [21,22], and X-ray emission spectroscopy (XES) [23,24]. More 
recently, based on the recently developed resonant X-ray powder 
diffraction (RXPD) method, directly distinguishing the framework Al 
and Si atoms in zeolites has been attempted by Bokhoven et al. [25]. 
Additionally, theoretical calculations were also adopted to investigate 
the Al zoning of zeolites. Previous computational works have shown that 
the difference in energy between the most and least stable locations of Al 
is not larger than 12 kcal/mol [26,27]. While powerful, these techniques 
provide averaged or indirect information, which limits their overall 
impact. SSNMR and FT-IR complex spectra can be challenging to show 
precise Al sites in zeolite unit cells. EXAFS and XES lack the spatial 
resolution for direct atomic visualisation. Recently, combining resonant 
soft X-ray diffraction (RSXRD) with molecular adsorption techniques, 
our group has successfully identified the atomic positions of framework 
aluminium atoms in ZSM-5 zeolite [28].

Electron imaging techniques have also been utilised on zeolites such 
as scanning transmission electron microscopy (STEM) [29] and 
Four-Dimensional STEM (4D-STEM) [30]; incoherent Z-contrast and 
coherent ptychography can lead us to explore fine structures at high 
spatial resolution. Liu et al. reported the position of extra-framework 
molybdenum (Mo) sites adsorbed within the straight channel of 
ZSM-5 [31]. However, site specificity is lost due to the equivalency of 
overlapping T-sites along the < 010 > zone axis. Their findings show 
preferential adsorption of metal particles at positions T1/T7, T5/T11, 
and T2/T8. Additionally, Wei et al.employed a similar technique, uti
lising organic molecules with their adsorption sites to pinpoint the 
location of the acid sites within the straight channel of ZSM-5 [32]. A 
key limitation of this method is its inability to observe adsorption within 
the sinusoidal channels, the sole conduits to sites such as T4 and T10. 
This analysis provides unspecific and incomplete crystallographic de
tails, leaving questions about the exact distribution of Al in relation to 
the pore network, other aluminium locations, and additional framework 
species.

Herein, by using combined synchrotron X-ray diffraction (SXRD), 
SSNMR and quantitative high-angle annular dark-field (HAADF)-STEM, 
we determine the precise atomic-level positions of Al in the ZSM-5 
framework. Silver (Ag) was selected as the molecular probe in this 
study based on two principal advantages. On the one hand, Ag atoms 
provide strong Z-contrast against the lighter elements (Si, Al) in the 
zeolite framework, making individual Ag atomic columns visible as 
bright spots in HAADF-STEM imaging. On the other hand, Ag+ ions can 
easily exchange with protons (H+) in the ZSM-5 via cation exchange. 
This allows high dispersion and the stabilisation of isolated Ag+ cations 
within the zeolite pores or cages, often coordinated to framework oxy
gen atoms. The HAADF-STEM results directly reveal the positions of Ag 
within the zeolite framework, thereby pinpointing the locations of the Al 
T-sites that serve as their anchoring points.

2. Materials and methods

2.1. Catalyst preparation

ZSM-5 was provided by Sinopec, China. Silver nitrate (99 %) was 
obtained from Sigma-Aldrich. The Si/Al ratio of ZSM-5 was shown to be 
17 by inductively coupled plasma-atomic emission spectroscopy (P- 
4010/ICP-AES). The sample was heated to 753 K under air at a ramp rate 
of 1 K⋅min− 1s and calcined for 2 h, then allowed to cool naturally. Ion- 
exchange was performed by stirring 1.0 g ZSM-5 with silver nitrate so
lution (0.016 g in 30 mL deionised water) and stirring for 24 h, which 
formed 1 wt% Ag-ZSM-5. All the procedures were performed using 

alumina foil-covered vessels to suppress light illumination which can 
lead to the aggregation of silver atoms to form clusters.

2.2. Structure characterisation

To construct a comprehensive suite of correlated structural charac
terisation, we used atomic-scale structural data by comparing and 
combining both averaged and local structural information. The X-ray 
absorption fine structure data were collected at beamline BL07A of the 
National Synchrotron Radiation Research Center (NSRRC) in Taiwan. A 
Si (111) Double Crystal Monochromator (DCM) was used to scan the 
photon energy. The energy resolution (ΔE/E) in fluorescence mode is 
approximately 2 × 10− 4, the EXAFS was scanned over the Ag k-edge. 
IFEFFIT 1 with Horae packages (Athena and Artemis) was used for 
fitting. The amplitude parameter was set as a fixed input parameter for 
refinement of the absorber coordination number. High-resolution SXRD 
data were collected on Beamline I11, Diamond Light Source, UK. The 
energy of the incident X-ray beam was set at 15 keV. The wavelength 
and the 2θ-zero-point correction were refined using a diffraction pattern 
obtained from a high-quality silicon powder (SRM640c). All the cata
lysts were loaded in a 0.5 mm borosilicate glass capillary. High- 
resolution XRD data were obtained from the samples using the multi- 
analyzer crystal (MAC) detectors.

SSNMR measurements were performed to characterise the frame
work and acid sites. SSNMR spectra were acquired on a JEOL ECZ500R 
spectrometer (11.7 T, 1H frequency of 500 MHz) under magic-angle 
spinning (MAS). 1H MAS NMR spectra were acquired on a 3.2 mm 
probe with a spinning rate of 12 kHz, a π/2 pulse length of 3.05 μs, and a 
recycle delay of 5 s, while the samples used for the 1H MAS NMR studies 
were additionally dehydrated by heating to 673 K at 1 K/min under a 
dynamic vacuum (<10⁻³ Pa) for 10 h. After cooling to room tempera
ture, the sample tubes were flame sealed. For measurement, the sealed 
tubes were opened in a nitrogen-filled glovebox, and the samples were 
packed into ZrO₂ rotors with Kel-F caps. 27Al MAS NMR spectra were 
acquired on a 3.2 mm probe with a spinning rate of 12 kHz, a pulse 
length of 0.2 μs (<π/12), and a recycle delay of 1 s. The 2D 27Al triple- 
quantum (3Q) MAS NMR experiments were conducted using the 3.2 mm 
probe with a spinning rate at 12 kHz and pulse length at 0.2 μs (< π/12). 
The optimised pulse widths were p1 = 5.0 μs, p2 = 1.4 μs, and p3 = 6 μs. 
29Si MAS NMR spectra were acquired on a 8 mm probe with a spinning 
rate of 4 kHz, a π/2 pulse length of 5.2 μs, and a recycle delay of 80 s. 
Unlike the 1H spectra, the 27Al and 29Si MAS NMR investigations were 
carried out with samples that were fully hydrated.

The N2 adsorption–desorption isotherms experiments were per
formed on a Micromeritics ASAP 2020 micropore analyzer under − 196 
◦C. Samples used in the adsorption measurement were degassed at 300 
◦C overnight before the measurements. The specific surface area and 
pore volumes were determined by Brunauer-Emmett-Teller and t-plot 
methods, respectively.

Zeolites are often sensitive to electron beams, usually withstanding a 
few thousand electrons per square angstrom under 300 kV STEM con
ditions [33,34], and recent reports demonstrating ever-increasing res
olution [35]. The HAADF-STEM micrographs and associated 
energy-dispersive X-ray spectroscopy (EDS) analyses were obtained 
using an aberration-corrected JEOL ARM300F microscope at 300 kV 
[35] with the annular detector collection semi-angle from 72.80 mrad to 
235.75 mrad, the probe array sizes of 1024 × 1024, and a dwell time of 
0.3 μs per pixel. Low-dose conditions were used during imaging to avoid 
amorphous carbon contamination on the beam-sensitive zeolitic 
framework. Typically, experimental HAADF-STEM imaging conditions 
of a dose of 13,000 e-/Å2 are under a probe current of 10 pA, a pixel 
dwell time of 30 μs, and a pixel size of 0.03 Å2. The combination of 
experimental and simulated images can further determine whether the 
contrast of the beam-sensitive zeolite framework is correct. Samples 
were suspended on a carbon thin film grid. For quantitative EDS map
ping and analysis, the sample was analysed at an accelerating voltage of 
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200 kV with a live time of ~179 s and a total spectrum count exceeding 
380,000 counts, ensuring robust signal statistics and elemental sensi
tivity. The specimen thickness was estimated to be ~50 nm, suitable for 
high-fidelity EDX quantification in zeolitic frameworks.

3. Complementary X-ray and electron characterisation of Ag- 
ZSM-5

3.1. Modelling derived from SXRD and Rietveld refinement

The effectiveness of the Ag+ exchange was confirmed by ¹H MAS 
NMR spectroscopy (Fig. S1). The spectrum of the pristine H-ZSM-5 
exhibited a prominent signal at ~3.9 ppm, attributed to the BAS (Si–O 
(H)–Al). After Ag+ exchange, this signal was drastically diminished, 
indicating that most protons associated with framework Al have been 
replaced by Ag+ ions [36]. To distinguish between atomically dispersed 
Ag+ cations and metallic Ag clusters, the oxidation state of Ag and local 
coordination environment in the Ag-ZSM-5 sample were first investi
gated by X-ray absorption spectroscopy (XAS). The X-ray absorption 

near edge structure (XANES) spectrum (Fig. S2) exhibited feature 
characteristic of Ag+ ions, providing direct evidence for the monovalent 
oxidation state of silver and ruling out the presence of Ag0. Subse
quently, EXAFS analysis was employed to probe the local coordination 
environment [37,38]. The quantitative fitting results (Table 1 and 
Fig. S3) unambiguously confirm the presence of only Ag–O scattering 
paths. The first shell, Ag–O1, is characterised by a bond length of 2.22(3) 
Å and a coordination number of 3.0(6). A second, longer Ag–O2 path is 
also identified, with a bond length of 2.43(4) Å and a lower coordination 
number of 0.8(3). The observed Ag–O signals are best interpreted as a 
linear combination of contributions from Ag occupying different sites 
and their decomposition into site-specific signals is not feasible. Criti
cally, the EXAFS spectra show no evidence of a peak corresponding to an 
Ag–Ag scattering path (expected at ~2.86 Å for metallic Ag) [39]. This 
absence definitively confirms the isolated nature of the Ag species. Thus, 
the combined XANES and EXAFS results conclusively demonstrate that 
silver exists solely as isolated Ag+ cations coordinated to the zeolite 
framework.

27Al MAS and 3QMAS NMR spectra (Figs. S4a and S5) collectively 
demonstrated that aluminum existed exclusively as tetrahedral frame
work species, with no detectable extra-framework Al (EFAl) [40]. This 
conclusion is corroborated by the ²⁹Si MAS NMR data (Fig. S4b), which 
showed a Si(0Al) dominated profile (-110 ppm) [41], indicating that the 
framework aluminum atoms were well isolated. Thereby, a well-defined 
and phase-pure MFI framework is ensured for the subsequent structural 
analysis. With this established, we turned to SXRD to determine the 
precise crystallographic locations of the isolated Ag+ sites within the 

Table 1 
The best-fitted EXAFS data of Ag-ZSM-5.

Scattering path R-factor: 1.3 %; k-range: 3–10 Å− 1; R-range: 1.25–3 Å.

Bond length (Å) Coordination number Debye-Waller factor

Ag–O1 2.22(3) 3.0(6) 0.015
Ag–O2 2.43(4) 0.8(3) 0.003

Fig. 1. SXRD characterisation of Ag-ZSM-5 (Si/Al = 20). (a) Rietveld refinement profiles of SXRD data (λ = 0.825868(2) Å, Rwp = 7.201 %, Rexp = 3.306 %, GoF 
= 2.178) for Ag-ZSM-5. (b) Zeolite structure showing the determined Ag sites (Ag1, Ag2, and Ag3) from SXRD. (c) Local zeolite geometry of Ag sites with the bond 
length information (in Å).
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ZSM-5 channels via Rietveld refinement [42,43]. For accurate analysis, 
the structure of pristine ZSM-5 was first refined as a reference (Fig. S6). 
Within the Ag-ZSM-5 channels, the refinement (Fig. 1a) revealed that 
there are three distinct types of Ag sites (Fig. 1b). The refined structure 
exhibited reasonable refined parameters with an overall low residual 
value (Table S1-S3). Furthermore, the average coordination numbers 
and bond distances show excellent agreement with those obtained from 
EXAFS.

As shown in Fig. 1c, the Ag1 site is identified as a dehydrated Ag+ ion 
positioned on a 5-membered ring at the channel intersection, with an 
occupancy of 0.05(1). This location corresponds to a known BAS at the 
T6 position, consistent with previous study [28], indicating that the Ag+

cation serves to charge-compensate the framework aluminum at this 
specific T-site. Ag1 is coordinated to four adjacent framework oxygen 
atoms: Ag1–O1: 2.361 Å, Ag1–O6: 1.685 Å, Ag1–O9: 2.246 Å and 
Ag1–O18: 2.091 Å, respectively, and does not associate with any 
non-framework oxygen (absence of hydrated water or hydroxyl moi
eties). It is noteworthy that the distance between Ag1–O6 is much less 
than the average Ag–O distance of 2.33 Å (Δd = − 0.66 Å) inferred from 
EXAFS. We attribute this to the fact that Ag1 occupies the BAS at the T6 
position. While prior work [28] identified this Al site, our analysis now 
specifies the involved framework oxygen (O6). The O6 bonded to the 
Al3+ at T6 likely possesses a higher electron density (compared to other 
oxygens at this site), facilitating enhanced electron transfer to the Ag+

ion. The hybridisation of the dz
2-s orbitals in Ag+ is not conducive to 

higher coordination. This favours a monodentate adsorption 

configuration at the BAS, in which the framework oxygens adequately 
coordinate the Ag+ ion with minimal distortion [44].

In contrast to the strongly bound Ag1 site, Ag2 represents a more 
loosely adsorbed framework-coordinated species with an occupancy of 
0.09(1). It is situated above the T-site and is bonded to three framework 
oxygens (Ag2–O2: 2.688 Å, Ag2–O3: 2.665 Å, and Ag2–O20: 2.484 Å). 
Notably, the Ag2–O bonds are considerably longer than typical Ag–O 
bonds, suggesting a weaker electrostatic interaction with the frame
work. This observation would be consistent with the presence of a BAS at 
the T4 position. The combined repulsive interactions from the high 
charge density at T3 and the adjacent BAS proton displace Ag+ away 
from the framework, elongating its bonds. Thus, while the proximity to 
the T4 BAS may facilitate ion exchange, it ultimately results in a less 
stable adsorption configuration for Ag2 compared to Ag1.

The Ag3 site is the most prevalent silver species in the structure with 
an occupancy of 0.13(1). It is identified as a diaqua complex (Ag(H2O)2

+) 
[45] located in the centre of the sinusoidal channel, near its intersection 
with the straight channel. The complex exhibits a slightly curved ge
ometry, with an Ow1–Ag3–Ow2 angle of 160.27◦. This is further evi
denced by the two significantly different Ag–Ow bond lengths: Ag3–Ow1: 
1.997 Å and Ag3–Ow2: 1.671 Å. This difference suggests an asymmetric 
bonding environment where one water molecule (Ow2) interacts more 
strongly with the Ag+ ion, while the other (Ow1) is held more loosely, 
likely due to differing hydrogen-bonding interactions with the sur
rounding zeolite framework.

Fig. 2. HAADF-STEM images of pristine ZSM-5 and Ag-ZSM-5 along the [010] zone axis. (a) A low-magnification (60,000x) image showing an elongated, coffin- 
shaped zeolite crystal. (b) A high-magnification (6 Mx) image of pristine ZSM-5, revealing a clean framework structure. (c) HAADF-STEM (>10 Mx) image of 
1 wt% Ag-ZSM-5, where yellow arrows indicate the locations of Ag species. (d) A corresponding image of pristine ZSM-5 for direct comparison.
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3.2. Direct observation of metal sites by quantitative HAADF-STEM

HAADF-STEM images at a low magnification of 600,000X show well- 
facetted ZSM-5 crystals which exhibit the expected coffin-shape 
(Fig. 2a). Varying and uneven contrast is also observed at the edge 
area of the image, which can be attributed to thickness differences and 
the channelling effect due to crystal orientation [46,47]. We also expect 
additional contrast from the overlap of several plane-shaped crystal 
particles, and from the carbon grid. The HAADF-STEM contrast shows 
the clean surface of a pristine ZSM-5 crystal particle (Fig. 2b). The 
well-defined crystal morphology is consistent with the structural 
integrity of the framework. N₂ physisorption measurements confirm that 
the pristine ZSM-5 possesses a high specific surface area (323.9 m2/g) 
and a micropore volume of 0.112 cm3/g, which are characteristic values 
for a well-crystallised ZSM-5 zeolite. (Fig. S7). It is noted that these edge 
regions were selected to guarantee that the sample area was thin enough 
to obtain the atomic-resolved HAADF-STEM images of the Ag-ZSM-5 
particle.

To further confirm the crystallographic structure of pristine ZSM-5, 
the Fast Fourier Transform (FFT) analysis was performed [48,49]. The 
FFT of the atomic-resolved HAADF-STEM image of pristine ZSM-5 was 
in good agreement with the simulated electron diffraction pattern of our 
structure solution from SXRD along the [010] zone axis (Fig S8), thereby 
conclusively confirming the validity of the structural model. Having 
validated the structural model, STEM-EDS mapping was employed to 
verify the chemical homogeneity of the pristine ZSM-5 (Fig. S9). 
Elemental mapping of Si Kα₁, Al Kα₁, and O Kα₁ clearly reveals a ho
mogeneous distribution of aluminium throughout the pristine ZSM-5 
crystal (Fig. S9b-d), the minor Cu signal arises from the TEM support 
grid (Fig. S9e).

Using low dosage conditions, the contrast in raw HAADF-STEM im
ages limited the determination of the atomic structure of the zeolitic 
framework (Fig S10). The comparison between original and after-beam- 
damaged HAADF-STEM images under 300 keV demonstrates the dif
ference of change by incoherent contrast and corresponding FFT as 
shown in Fig S10. To overcome this question, a nonlinear filtering 

algorithm can be applied on denoising which is based on Gaussian low- 
pass filter adding Wiener filter [50]. This nonlinear filtering algorithm 
could improve the signal-to-noise ratio of the HAADF-STEM images by 
allowing signals with a frequency below a chosen cutoff frequency to 
pass through while reducing the strength of signals with frequencies 
above the cutoff frequency. It is worthwhile to note that the filtering 
would not change the imaging resolution and add external information 
besides that in raw HAADF-STEM images. To further confirm that the 
filtering would not introduce extra artificial aberration, the image 
simulation is used to cross-analyse the contrast.

Within this established framework, optimised HAADF-STEM imag
ing was conducted along the [010] zone axis. This viewing direction 
projects the straight channels and their 10-membered rings (10MRs), 
allowing Ag metal sites within the channels to be clearly revealed 
(Fig. 2c). The significant atomic number (Z) contrast between Ag 
(Z = 47) and the framework (Si/Al Z = 13/14) makes these sites 
distinctly visible [51]. This assignment was further verified by a direct 
comparison with pristine ZSM-5 imaged which was also subjected to the 
same method, where such high-contrast features are absent (Fig. 2d).

4. Discussion of localisation of Al associated with BAS

Using Gaussian peak fitting (Text S1 and Fig. S11) to determine the 
local intensity maxima in the direct HAADF-STEM image [52–54], we 
resolved the locations of Ag adsorption around the 10MRs across 342 
straight channels in Ag-ZSM-5 (Fig. 3). The most frequent observation 
was the absence of a high contrast area within the channels, thus indi
cating no Ag adsorption (79 channels, 23.1 %), which is reasonable due 
to the low silver loading of 1 wt%. A total of 263 high contrast sites were 
observed, which were ascribed to Ag adsorption either over a T-site 
(61.6 %) or over an O-site (38.4 %).

The analysis of these sites must consider the inherent limitation of 
the [010] projection, wherein the overlap of crystallographically 
distinct sites along the b-axis makes them appear equivalent [55,56]. 
Specifically, each atomic column of T-sites contains two T-sites that 
alternate along the b-axis: the expected site, and its counterpart located 

Fig. 3. HAADF-STEM image of 1 wt% Ag-ZSM-5 fitting with Gaussian peak for assignment of Ag. (a) HAADF-STEM image along the [010] zone axis (scale bar: 
1 nm), red dots mark the centroids of intensity maxima identified by an automated peak-finding algorithm. (b) Histogram of the scattering cross-section intensity 
derived from the HAADF-STEM image in (a). (c) Enlarged view of the area in (a) (scale bar: 5 Å). (d-f) Three representative scenarios (scale bars: 3 Å) showing Ag 
sites identified by automated peak-finding using the threshold from (b): (d) empty (e) 1 site and (f) sites.
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diametrically opposite across the straight channel pore (T1/T7, T5/T11, 
T6/T12, T8/T2, and T9/T3). Hence in our analysis of Al distribution, the 
Al occupancy is assumed to be statistical within the column, i.e, equally 
split between the two sites. A similar overlap also affects some O-site 
columns; therefore, we adopt the terms ‘T-site pairs’and ‘O-site pairs’ 
throughout this analysis. It is important to note that this static structural 
model provides a foundational map of acid sites, which under catalytic 
conditions may dynamically reconfigure [57,58].

The most frequent positions for Ag were observed over T6/T12 
(29.7 %) and T8/T2 (22.1 %) (Fig. 4a). Adsorption of Ag at other T-site 
pairs such as T9/T3, T5/T11, and T1/T7 was observed at much lower 
frequency (3.8 %, 3.4 %, and 2.7 %, respectively). Significant Ag 
adsorption was also identified on several oxygen site pairs, with occu
pancies of 10.3 % for O25/O2 (bridging between T8-T9/T2-T3, 
respectively), 9.5 % for O21/O22 (between T1-T5/T7-T11, respec
tively), along with lower occupancies of 7.6 %, 5.7 % and 5.3 % for the 
O5/O11, O7/O1, and O18/O11 pairs, respectively. The presence of Ag 

near a T-site is interpreted as bi/tridentate O–Ag–O adsorption, and the 
central T-site is assigned as an Al site. Meanwhile, Ag adsorption over an 
O-site is linked to monodentate Ag–O adsorption, in which an adjacent 
T-site is assigned Al occupancy. As the experimental data does not 
specify which adjacent T-site bears the aluminium, the occupancy is split 
equally between both neighbours, purely as a statistical device (blue in 
Fig. 4b). After redistributing the O-site occupancies, the refined Al dis
tribution remains dominated by T6/T12 (36.1 %) and T8/T2 (30.0 %), 
followed by T1/T7 (12.0 %), T9/T3 (11.6 %), and T5/T11 (10.3 %).

The significant adsorption at T6/T12 and T8/T2 pairs agrees with 
our previous investigation of Al distribution on ZSM-5 using soft X-ray 
resonance powder diffraction (SXRPD), which identified T4, T6 and T8 
as the predominant Al sites (Fig. S12) [28]. Furthermore, the consis
tently low Ag adsorption on the T9/T3, T5/T11, and T1/T7 pairs sug
gests a low probability of Al occupancy at these specific T-sites. Guided 
by Löwenstein's Rule that prohibits Al–O–Al linkages [59–61], the Al 
cannot be located on adjacent T-sites. As all these low-probability T-sites 

Fig. 4. (a) Al assignment in T-site pairs and O-site pairs; (b) Radial representation of Al assignment with the structural representation overlaid. Al sites as derived by 
SXRPD show in blue.
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form a cluster sharing corners with T4, we can infer that the Al is pre
dominantly located at the central T4 position. This central conclusion is 
that Ag adsorption is exclusively dictated by framework Al sites, which 
is robustly confirmed by the strong correlation between the Ag 
adsorption map and the aluminum distribution independently deter
mined by SXRPD (Fig. 4b).

It is important to emphasise that the observed preference for Al oc
cupancy at the T4, T6, and T8 sites is specific to the ZSM-5 samples 
synthesised under the conditions described in this work. The distribu
tion of framework Al is well-known to be influenced by synthesis pa
rameters. Therefore, the primary contribution of this study is not to 
propose a universal Al siting rule, but to establish and validate a 
methodology combining Ag+ probing, SXRD, and HAADF-STEM that 
can determine site-specific Al distributions with atomic precision.

5. Conclusions

This work directly visualises the predominant framework Al sites by 
employing Ag as a molecular probe and correlating SXRD with atomic- 
resolution HAADF-STEM imaging. SXRD refinement identifies three Ag 
sites in Ag-ZSM-5: a dehydrated Ag+ (Ag1) at the T6 BAS with a short 
Ag–O6 bond (1.67 Å), a loosely-bound Ag+ (Ag2) and a channel-centred 
Ag(H2O)2

+ (Ag3). This analysis precisely resolves the crystallographic 
binding geometries of distinct silver species. Statistical analysis of 
HAADF-STEM imaging, combined with structural constraints (e.g., 
Löwenstein's Rule), enables the direct quantification of Al distribution. 
This analysis establishes a predominance of Al in three T-site pairs: T6/ 
T12, T8/T2, and T4/T10. Such insights provide a deeper atomic-level 
understanding of the adsorption and reaction properties of ZSM-5 
zeolite. While the specific Al distribution reported here is character
istic of our synthetic conditions, the methodological approach is uni
versally applicable. The approaches shown here are expected to be 
applicable to other types of zeolites and porous crystalline materials, 
aiding in the better understanding of adsorptive and catalytic processes. 
By precisely locating these Ag+ ions, we not only map the underlying Al 
distribution but also establish a direct structural model for single-atom 
catalytic sites within the zeolite framework. This approach provides 
an atomic blueprint that bridges the gap between Al siting and potential 
catalytic performance, offering a pathway to tailor zeolite catalysts at 
the single-atom level.
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