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Abstract

With an aim of exploring further chemical systems that may metallize when irradiated with 

hard X-rays, we studied select silver acetate (AgC₂H₃O₂). X-ray–induced decomposition 

of silver acetate under ambient and high-pressures conditions was observed in a diamond 

anvil cell (DAC), leading to the formation of metallic nanograins of silver at ambient and 

1.65 GPa. At 4 GPa, no decomposition was observed. The Avrami kinetics equation also 

provides information about novel structural formation at ambient and 1.65 GPa pressure. 

By modeling XRD data, the size of the formation of silver nano crystallite size at 1.65 GPa 

pressure was found to grow to 5.14 ± 0.02 nm upon X-ray irradiation when the data are 

fitted with the Boltzmann sigmoidal function. Time-resolved X-ray diffraction (XRD) 

reveals pressure-dependent kinetics, demonstrating that coupling pressure with irradiation 

enables controlled photochemical pathways in this model system. Concurrent with 

previous studies, the application of high pressure (HP) can be considered as a means of 

controlling X-ray synthetic photochemistry. 

Keywords: X-rays; High pressure; Diamond anvil cell; Silver acetate; XRD; 
Photochemistry
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1. Introduction

By harnessing highly energetic, focused and penetrating hard x-rays (>7keV) with no 

addition of heat or catalysts, we have demonstrated the ability to synthesize novel 

materials1, novel structures of known materials2, and otherwise perform highly controllable 

chemistry at extreme and ambient conditions3.  As part of our efforts to expand and 

demonstrate the utility of useful hard x-ray photochemistry, we have recently demonstrated 

x-ray induced metallization of salts by irradiating tin oxalate with x-rays4. In an effort to 

better understand the nature of x-ray-initiated electron transfer leading toward 

metallization, we sought to examine the effect of irradiating silver-containing salts.  High-

pressure studies of metals and salts using X-ray diffraction (XRD) provide a powerful 

approach to control reaction kinetics, phase stability, and nanostructure formation. In this 

context, silver salts are of particular interest because they serve as efficient precursors for 

generating metallic silver. X-rays have long been used to probe electronic structure, 

bonding, and decomposition processes2. More recently, X-ray–induced damage in solids 

has been shown to be tunable and even exploitable as a synthetic tool4. Prior studies 

indicate that X-rays can break molecular bonds through ultrafast electronic relaxation, with 

outcomes governed by chemical environment, photon flux, intermolecular spacing, and X-

ray energy all of which can be modulated by applied pressure5. Experiments on simple salts 

and oxalates have demonstrated that modest compression can accelerate X-ray-driven 

reactions, enabling the formation of novel products6,7. Electronic relaxation dynamics 

following X-ray excitation depends strongly on local chemistry, initial charge state, 

intermolecular distances, and photon energy8–10. In particular, high pressure (HP) is a 
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key parameter for tuning intermolecular distances, reaction manifolds and activation 

energies7,11–13.

Nanomaterial metals have attracted substantial attention to applications spanning 

nanomedicine, optoelectronics, and catalysis14,15. Metal nanoparticles exhibit unique 

optical, electronic, magnetic, and mechanical properties that make them a major 

research focus. Among these, silver nanoparticles show strong promise for optics, 

molecular sensing, catalysis, and healthcare 16–19. Metal formation and refinement can 

be achieved through multiple routes, such as chemical decomposition, reduction 

reactions, hydrothermal and solvothermal synthesis, chemical vapor deposition, and 

gas‑phase techniques20–23. Additional physical methods (e.g., laser ablation, 

evaporation–condensation, and sputtering) and biological approaches using plant 

extracts, bacteria, fungi, or algae have also been reported for silver nanoparticle 

synthesis24–27. Silver is technologically important due to its exceptional electrical and 

optical properties14,15,28. It possesses very high electrical conductivity and low contact 

resistance, enabling widespread use in electronics, reliable electrical contacts, solder and 

brazing alloys, and printed conductors29. Owing to its excellent reflectivity, silver is 

extensively employed in mirrors and reflective coatings30. In clean-energy technologies, 

silver is essential in photovoltaic (PV) cells, where front and back side silver pastes collect 

and conduct current31. It is also integral to emerging transparent electrodes based on silver 

nanowires and silver inks32. Beyond electronics and energy, silver’s strong antimicrobial 

properties motivate the use of thin silver coatings in medical devices such as catheters and 

wound dressings33. Industrially, silver serves as a key catalyst in the production of ethylene 

oxide from ethylene34. These broad applications highlight the need for tunable synthetic 
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pathways to produce nanostructured silver with controlled morphology and crystallinity. 

The thermally decomposed silver acetate (AgC₂H₃O₂) is widely used as a precursor for 

synthesizing diverse silver nanostructures including nanowires, nanorods, plasmonic 

particles, and catalytic nanoparticles with demonstrated utility in electronic and catalytic 

systems35. Motivated by these insights, we investigated the combined effects of high 

pressure, monochromatic X-ray irradiation, and in situ XRD on the controlled 

decomposition of silver acetate and the possible formation of metallic silver.

Previous work has shown that decomposition efficiency and transformation yield are 

enhanced when the incident X-ray energy is tuned slightly above the K-edge of the target 

cation4. For example, Cadmium oxalate’s experiment was performed at 27 keV, slightly 

above the Cd K edge 26.714 keV. Cadmium carbonate (CdCO₃) was produced via X-ray-

induced decomposition of cadmium oxalate (CdC₂O₄) at pressures between 0.5 and 1 

GPa8. Likewise, cesium oxalate monohydrate experiment was carried out at 36 keV, near 

to the K-edge of cesium 35.987 keV. Cesium superoxide (CsO₂) was formed by irradiating 

cesium oxalate monohydrate (Cs₂C₂O₄·H₂O) at 0.3, 0.8, and 2.4 GPa6. Additional 

experiments on strontium and barium nitrates revealed the formation of NO₂ and O₂ gases 

near 0.5 GPa36. These studies collectively underscore the strong coupling between 

pressure, intermolecular spacing, and X-ray-driven reaction dynamics, and they motivate 

the exploration of silver acetate as a pressure dependent X-ray responsive precursor for 

generating metallic silver. In this study, we sought to identify controlling parameters, 

and better understand how pressure tuned, X-ray related pathways may expand the 

synthesis toolkit for silver nanomaterials.
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2. Experimental Methods

   Symmetric style diamond anvil cells (DAC’s) were used for sample pressurization. The 

DAC diamonds each had a culet face of 300 µm in diameter. Stainless steel gaskets initially 

of 250 µm thickness were pre-indented to ~ 60 µm in thickness and then drilled to 120 µm 

using an electric discharge machine (EDM). Powdered silver acetate (AgC₂H₃O₂) was 

loaded into each DAC with a ruby sphere for pressure measurements. No pressure 

transmitting medium was used in either sample. 

Monochromatic angle-dispersive powder XRD measurements were performed at beamline 

12.2.2 at the Advanced Light Source of Lawrence Berkeley National Laboratory at room 

temperature. A tunable Si (111) double-crystal monochromator was used to filter ‘white’ 

X-ray radiation and deliver X-rays of fixed but settable energies. The incident X-ray energy 

was 25.8 keV (λ = 0.4805 Å), with a relative energy bandwidth (ΔE/E) of approximately 

10⁻⁴. The photon flux at the sample position was on the order of 10¹¹ photons/s, as specified 

by the beamline characteristics. The beam was focused on a circular spot with a diameter 

of approximately 10 µm at the sample position using Kirkpatrick-Baez mirrors. XRD 

patterns were collected using a Dectris Pilatus3 S 1M hybrid photon counting detector 

(pixel size 0.172 mm, 1-mm Si sensor), with diffraction patterns collected for 60 secs every 

5 minutes. All measurements were carried out at room temperature. Pressure was measured 

using an offline ruby fluorescence spectrometer located at Beamline 12.2.2. The pressure 

was determined by monitoring the shift of the R1 emission line from a small ruby chip 

loaded inside the diamond anvil cell. The observed fluorescence shift was converted to 
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pressure using the standard ruby calibration, and pressure values were calculated using a 

ruby fluorescence pressure calculator37. The instrumental parameters (sample to detector 

distance, tilt of detector plane) were calibrated using a LaB6 standard (NIST Standard 

Reference Material 660). The Kohzu monochromator was calibrated via the absorption 

edge of Mo (20000eV). The energy accuracy of the calibrated monochromator is better 

than 2 eV. All diffraction images were integrated by Dioptas software38 to produce intensity 

versus 2θ patterns.

3. Results and Discussion

Powdered silver acetate samples were loaded into a DAC and examined over a pressure 

range of 0–4 GPa. Figure 1 shows the XRD pattern of silver acetate measured at ambient 

and high pressure (1.65 and 4.0 GPa) after 5 minutes of X-ray irradiation. As the pressure 

increases the XRD patterns shift toward higher 2θ values. The vertical magenta marks 

indicate the reflections of the previously reported triclinic silver acetate structure (space 

group  P 1, Z =2) and the fitted lattice parameters are  a =5.5810(11) Å, b = 9.960(2) Å, c 

= 21.587(4) Å, α = 89.10(3)◦, β = 97.40(3)◦, γ = 97.26(3)◦39. The vertical bars in the figure 

are the reported crystal structure of silver acetate which matches our experimental ambient 

data at initial (5 minutes) X-ray irradiation. Additionally, samples further exposure of X-

ray for 25 minutes most of the original peaks start to decrease and new peaks form 

indicating the formation of metallic silver. The sample was pressurized to 1.65 GPa as 

measured offline via a ruby fluorometer. Subsequently, it was translated laterally by ~50 
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µm to access a fresh, unirradiated region of the sample. As the pressure increases to 1.65 

GPa, several sharp peaks decrease, and new peaks are formed into broader features. When 

silver acetate pressurized, distortion of the electron density distribution under X-ray 

becomes more prominent. The pressure then increased to 4.0 GPa after moving to a new 

region of unirradiated sample, and XRD patterns were recorded. The absence of any new 

peaks and the persistence of the original peaks in all XRD patterns indicate that silver 

acetate does not undergo a phase transition up to 4.0 GPa.

Figure 1: XRD patterns of silver acetate (AgC2H3O2) after 5 minutes X-ray irradiation 

times at 25.8keV. The vertical magenta bars indicate the peaks positions of the previously 

reported  silver acetate triclinic crystal structure39.

Page 7 of 29 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
6 

Fe
br

ua
ry

 2
02

6.
 D

ow
nl

oa
de

d 
by

 L
ie

d 
L

ib
ra

ry
, U

N
L

V
 L

ib
ra

ri
es

 o
n 

2/
17

/2
02

6 
10

:5
7:

37
 P

M
. 

View Article Online
DOI: 10.1039/D5CP04790K

https://doi.org/10.1039/D5CP04790K


8

Cell parameters were extracted by means of Le-Bail refinement using a pseudo-Voight 

profile function in GSAS-II software40 and also peak-position based unit-cell refinement 

implemented in Python are reported in Table 1. The X-ray energy has selected 25.8keV 

which is slightly above the cation’s K-edge 25.5keV,  this energy was used  for all 

irradiations of experiments41. As the pressure increased, the silver acetate Bragg peaks 

shifted systematically toward higher 2θ angles, consistent with a decrease in d spacing due 

to elastic lattice compression. The continuous volume compression shows no evidence of 

pressure induced phase transformation and thus the formation of silver in our experiment 

must be due to X-ray induced photoreduction rather than pressure driven decomposition.

Table 1: Unit-cell parameters for silver acetate (𝑃1,  Z = 2). At ambient, 1.65 GPa and 4.0 
GPa with refinement.

Pressure 
(GPa)

a (Å) b (Å) c (Å) α (°) β (°) γ (°)
Volume 

(Å³)

Ambient
5.593

    (12)

   10.018

     (90)

21.734

(80)

90.040

(60)

97.466

(14)

   97.313

(30)

1197.64

(17)

1.65
5.575

   (11)

   9.6388

     (90)

   21.830

     (91)

    89.990

    (70)

   96.791

      (21)

    99.154

     (29)

   1149.66

     (19)

4.0
5.495

   (37)

   9.8472

      (51)

  21.292

     (29)

    88.856

      (57)

   96.588

    (88)

      97.144

       (46)

   1135.60

       (88)
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Figure 2: XRD patteren of silver acetate at 1 hour times of X-ray irradation: (a) at ambient 

pressure (b) silver acetate at 1.65 GPa (c) silver acetate at 4.0 GPa. The magenta bar 

indicates the previously reported for silver acetate. 

In Figure 2 the XRD patterns of silver acetate at ambient conditions and under the 

experimental selected HP points (1.65 and 4.0 GPa) after irradiation up to 1 hour. As shown 

in Figure 2 similar trends in peak evolution are observed under both ambient and 1.65 GPa 

pressures during irradiation of X-rays as a function of time.

In Figure 3 the initial pattern after 5 minutes of X-ray exposure matches the previously 

reported triclinic crystal structure of silver acetate (space group P 1). The vertical magenta 

bars indicate the reference reflections for silver acetate. During X-ray irradiation for 1 hour 

at ambient conditions, new peaks corresponding to d-spacings of 2.36 Å and 2.04 Å 

correspond to diffraction angles of 2θ equals to 11.69° and 13.52° appear and grow, which 

are consistent with silver acetate. With continued irradiation, the sample showed signs of 

partial decomposition, producing metallic silver and other unknown products. Until 25 

mins of X-ray irradiation, the XRD peak positions did not change, and no new peaks 

position were observed. This demonstrates that there is no structural transformation. After 

25 minutes of X-ray irradiation, we observe the appearance of new peaks, indicating the 

onset of a structural transformation. 
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Figure 3: (a). XRD patterns of silver acetate collected at ambient pressure (initial) and 60 

minutes of X-ray irradiation. (b). XRD patterns of silver acetate collected at high pressure 

(initially) and 300 minutes of X-ray irradiation at 1.65 GPa. The vertical magenta bars 
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correspond to the previously reported triclinic crystal structure of silver acetate, while the 

vertical blue bars represent the cubic crystal structure of FCC metallic silver.

The final XRD pattern showed new peaks corresponding to the (111), and (200) reflections 

of metallic Ag (at d-spacings of 2.36 Å and 2.04 Å correspond to diffraction angles of 2θ 

equals to 11.69° and 13.52°). The positions of the first two peaks matched well with those 

of cubic metallic Ag, which crystallizes in the Fm–3m space group with lattice parameters 

𝑎 = 𝑏 = 𝑐 =4.5643Å and 𝛼 = 𝛽 = 𝛾 = 90∘. These reference peak positions, shown as blue 

vertical bars in (Figure 5)42,43, were taken from the ICSD  database file. The two narrow 

peaks observed adjacent to the broad Ag reflection are likely attributed to isolated 

crystallites that are favorably oriented with respect to the incident X-ray beam, thus 

deviating from poly-cyrstallinity44. Moreover, the final XRD pattern retains several peaks 

from the initial spectrum, indicating that some silver acetate remained undecomposed after 

irradiation. From this we conclude it is evident that the final product is a mixture of the 

silver acetate, silver  and other unknown products, similar to previously reported findings 

of X-ray decomposition4,8. It should be noted that with increasing pressure and extended 

irradiation times greater than 10 hours, silver acetate completely decomposed into metallic 

silver, as evidenced in Figure 4.

Page 12 of 29Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
6 

Fe
br

ua
ry

 2
02

6.
 D

ow
nl

oa
de

d 
by

 L
ie

d 
L

ib
ra

ry
, U

N
L

V
 L

ib
ra

ri
es

 o
n 

2/
17

/2
02

6 
10

:5
7:

37
 P

M
. 

View Article Online
DOI: 10.1039/D5CP04790K

https://doi.org/10.1039/D5CP04790K


13

Figure 4: XRD pattern of silver acetate at 1.65 GPa for 10 hours X-ray irradiation.

We compared silver acetate at ambient pressure and at 1.65 GPa by measuring the 

transformation yield (TY) over X-ray irradiation time. Based on the TY formula, we 

tracked the rise of silver peaks as a function of X-ray irradiation time. The timing of 

irradiation and growth were different at the two pressures, suggesting a pressure-dependent 

transformation kinetics.

                                                       TY(t) =  A(t) 
A(t₀)

                                                       1.

Here, A(t) is the integrated area of the XRD patterns obtained after several times, 

irradiation of X-ray and A(t0) is the integrated area at initial time of irradiation. In the 

kinetic analysis, the term “integrated area” refers to the integrated intensity of specific 

diffraction reflections of XRD pattern. The decomposition of silver acetate was quantified 

using the integrated intensity of its (010) reflection (2θ ≈ 2.3° – 3.0°), while the growth of 
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metallic silver was monitored using the integrated intensity of the Ag (111) reflection (2θ 

≈ 11.0° – 12.7°).

Figure 5. Transformation yield (TY) of silver acetate as a function of X-ray irradiation 

time at (a) ambient pressure (up to 60 min) and (b) 1.65 GPa (up to 300 min). Black circles 

represent experimental data. The decay region was fitted using a modified Avrami model 

(red solid line), while the growth region was fitted using the general Avrami equation (red 

solid line). Left panels show silver acetate decay behavior and the right panels show Ag 

growth behavior.
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 Figure 5 shows the transformation yield (TY) of silver acetate at ambient and 1.65GPa 

pressure as a function of X-ray irradiation time for 60 minutes and 300 minutes 

respectively. At 1.65 GPa, the transformation yield (TY) decreases to approximately 0.33 

± 0.02 after 80 minutes of irradiation. However, following this initial decline, TY exhibits 

a gradual upward trend. After 5 hours of irradiation, the transformation yield (TY) reaches 

0.66 ± 0.03. The resulting structural and chemical changes are consistent with primary X-

ray induced damage, arising from electronic relaxation processes initiated by X-ray photo 

absorption10,45–50. When a molecule or atom absorbs a high energy X-ray photon, a core 

electron is either excited to a higher level or ejected. This process triggers a series of 

relaxation steps10,50,51. The initiation and evolution of these relaxation pathways depend on 

the system’s chemical composition and on the interatomic/intermolecular distances52–55. 

Consequently, X-ray irradiation perturbs electrons and can destabilize oxidation states. 

Depending on external conditions such as temperature and pressure, the system undergoes 

structural and chemical transformations. It is important to note that electronic relaxation 

occurs on a very small timescale, and its probability strongly depends on the number of 

absorbed X-ray photons51,56. Because of the X-ray flux in our experiment, the 

transformation of silver acetate at 1.65 GPa pressure proceeds slowly (on the order of 5 

minutes to several hours). The difference in the final TY after 300 minutes of irradiation, 

together with the structural and chemical changes observed by X-ray-induced at high 

pressure, indicates that high pressure plays a key role in the rate of formation of silver. To 

evaluate how high pressure (HP) influences the transformation rate (TR) of X-ray-induced 

Ag formation, we applied the Avrami model in two stages: (i) the initial decrease in TY 

and (ii) the increase in TY. In the first stage upto about 20 minutes at ambient and 80 
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minutes at 1.65 GPa the silver acetate XRD peaks drop, whereas small silver peaks begin 

to appear although the overall growth of silver peaks are not clear (Figure 2). At 1.65 GPa 

pressure the TY decrease shown in Figure 5 likely reflects a reduction in electron density, 

indicating that decomposition of the compound is the dominant process in this initial 

region. In the later irradiation period (right plot), the slow growth of new XRD peak shows 

that the chemical and structural transformation of silver acetate into silver structure 

becomes the prevailing mechanism. In Figure 5, the decay and growth regions clearly 

illustrate the transition between the two regimes. The first plot (left) data is fitted with the 

modified Avrami equation (equation 2) to describe the silver acetate transformation rate, 

and the second plot (right) data is fitted with the general Avrami equation (equation 3) to 

describe the silver formation rate at ambient and 1.65 GPa.

The first region of Figure 5 corresponding to the modified Avrami equation

 Equation (2) – Decay region:

TY(t) = 1 − TY∞ * (1 − exp {− (k t) ⁿ})                                                                2.

while in the second region, the standard Avrami growth expression was used:

Equation (3) – Growth region:

TY(t) = TY∞ * (1 − exp {− (k t) ⁿ})                                                                        3.

Here, TY(t) is the transformation yield at time t, and TY∞ is the final TY at the end of the 

selected transformation region. The parameter k is the rate constant, t is specified time, and 

n is the Avrami exponent, which reflects the nucleation and growth geometry of the 

crystals57. The Avrami model was first developed to describe phase changes in solids at a 

constant temperature and later extended to studies of polymer crystallization. In this 

framework, the kinetics of crystal growth typically produce an increasing S-shaped 
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(sigmoidal) curve over time58–60. The original Avrami equation had shortcomings, 

particularly in reliably determining the rate constant. Khanna and Taylor extended the 

model by allowing k to be a function of the Avrami exponent n,  leading to a more precise 

description of transformation kinetics61. Note that the Avrami model is intended for 

crystalline growth, where the progress typically shows an upward sigmoidal trend. Kinetics 

indicate mix of precursor decomposition (decay) and product formation (growth)62. To 

model the initial decrease of the transformation yield (TY), we applied the modified 

Avrami form given in Eq. (2). The resulting fits for the selected pressure conditions 

are shown in Figure 5, and the corresponding Avrami parameters extracted from 

these fits are listed in Table 2. Parameters obtained from fitting Eq. (3). for the general 

Avrami growth region are listed in Table 3.

Table 2. Modified Avrami parameters k, n, and TY∞ obtained from fitting the first region 
(decay).

Pressure (GPa) k (h⁻¹) n TY∞

Ambient 4.52 ± 0.01 1.86 ± 0.06 0.86 ± 0.01

1.65 2.81 ± 0.05 1.13 ± 0.08 0.33 ± 0.02

Table 3. Avrami parameters k, n, and TY∞ obtained from fitting the second region 
(growth).

Pressure (GPa) k (h⁻¹) n TY∞

Ambient 3.91 ± 0.01 1.90 ± 0.07 0.97 ± 0.01

1.65 0.73 ± 0.02 1.65 ± 0.08 0.66 ± 0.03

In the Avrami model, the transformation is considered to begin at time t = 0, when the 

molecular system remains in its initial structural phase60,63. In our experiment, the 
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XRD data shown in Figures 2 indicated that the formation of silver began after 

approximately 25 minutes of irradiation at ambient pressure and after about 25 

minutes at 1.65 GPa. To apply the most appropriate Avrami description, we set 𝑡 = 0 

for both curves at their lowest observed TY values TY = 0.86 ± 0.01 at t = 20 minutes 

for ambient pressure and TY = 0.33 ± 0.02 at t = 80 minutes for 1.65 GPa indicate the 

minimum. We then fitted the corresponding decay and growth regions for the 1.65 

GPa data. Table II indicates that the rate constant (k) is higher under ambient 

conditions, consistent with a faster decomposition of silver acetate. However, a higher 

k at ambient does not, means itself, yield clean metallic silver, additional parameters 

are required for selective silver formation. At 1.65 GPa, the decomposition proceeds 

are controlled with pressure and metallic silver forms under X-ray irradiation over 

time, at a slower overall pace. The values of n are comparable to those obtained for 

the first (decay) region, indicating that the transformation is diffusion controlled62. 

An Avrami exponent suggests that the mechanism and effective dimensionality of 

silver formation are similar to those of silver acetate decomposition. At 1.65 GPa 

pressure, the growth curve reaches almost plateau within 300 minutes of irradiation. 

This indicates that the formation of silver from the sample reached a maximum. The 

speed and effectiveness of electronic relaxation in the initial stage drives the X-ray 

induced damage and depends on interatomic and intermolecular distances64–66 . 

Electronic relaxation pathways are also influenced by the local chemical environment 

and charge distribution. Consequently, X‑ray induced photochemistry involves 

multiple coupled steps and can be more complex than the simplified description used 

here67–69. These observations suggest that higher pressure enhances the efficiency of 
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certain chemical and structural transformations, in line with the evolution of the XRD 

pattern observed at ambient and elevated pressures (Figure 1). As a function of time, 

higher pressures reduce molecular mobility, which can hinder the reorganization 

pathways needed for silver formation. This is consistent with our observations that 

metallic silver forms at ambient pressure and at 1.65 GPa, whereas no clear structural 

or chemical transformation is detected at 4.0 GPa (Figure 2). The X-ray diffraction 

pattern unambiguously shows of the decomposition of silver acetate to metallic silver 

under X-ray irradiation with time. The peaks corresponding to the metallic silver 

reflection (111) and (200) emerge after 80 minutes at a pressure of 1.65GPa (Figure 

3). The integrated intensity of the Ag (111) and (200) reflection peaks are quantified 

across the transformation using the Avrami equation of growth which shows the 

characteristic of diffusion-controlled nucleation and growth. 

To provide additional insight for Avrami kinetics (Figure 5) into the reaction progress, we 

estimated the evolution of the silver acetate conversion to metallic Ag as a function of time 

from the XRD patterns. The conversion was obtained from the strongest peak ratio of 

integrated peak areas of a representative silver acetate reflection (010) (2.3° – 3.0° at 2θ) 

and a representative Ag reflection (111) (11.0° – 12.7° at 2θ), using pseudo-Voigt peak 

fitting for pressure 1.65 GPa. The reported values provide a relative measure of phase 

evolution rather than an absolute phase fraction70. The uncertainty associated with each 

data point was estimated by propagating the peak-fitting covariance and is shown in Figure 

6. The increase in the estimated Ag fraction is accompanied by a corresponding decrease 

in the silver acetate fraction, confirming progressive conversion of the precursor.
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Figure 6. Time evolution of the conversion of silver acetate to metallic Ag estimated 

from relative XRD peak-area ratios. (a) Ambient-pressure data collected over 60 min. 

(b) Data collected at 1.65 GPa over 300 min.

We also calculated the Scherrer crystallite size to understand the formation of silver 

crystallites as a function of X-ray irradiation time at 1.65 GPa, using the Scherrer 

crystallite size equation.

                                              D =  K  λ
β Cosθ

                                                    4.

Here, D is  grain size in nm , K is the shape factor  we usually use 0.94 for cubic  

shape71,72 , β is the FWHM in radian and θ is the peak position in radian73–75. The full 

width at half maximum (FWHM) of the diffraction peaks was determined using a custom 

Python-based peak fitting routine. The Ag (111) reflection was selected for analysis due to 

its high intensity and minimal overlap with neighboring peaks. Each peak was fitted within 

a narrow 2θ window using a pseudo-Voigt function following linear background 

subtraction, yielding the measured peak width, β_mean, in 2θ units. Instrumental broadening 

was evaluated using a LaB₆ standard measured under identical experimental conditions, 
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including the same X-ray energy, detector geometry, and optical configuration. Multiple 

LaB₆ reflections were fitted using the same peak-fitting procedure, and the angular 

dependence of the instrumental peak width was modeled according to the Caglioti relation, 

in which the square of the instrumental FWHM is expressed as a function of diffraction 

angle through instrument-specific parameters obtained from least-squares fitting. The 

intrinsic sample broadening was then determined by subtracting the instrumental 

contribution from the measured peak width in quadrature. All FWHM values were 

converted to radians prior to correction, and the resulting instrument-corrected peak widths 

(FWHM) with including uncertainty were subsequently used for crystallite size analysis76. 

Prolonged hard X-ray irradiation under high pressure can generate lattice defects, including 

dislocations, stacking faults, and microstrain, leading to additional diffraction peak 

broadening. In this study, the progressive increase in the FWHM of the Ag (111) reflection 

indicates the development of microstructural disorder beyond crystallite size effects. Peak 

broadening may also be influenced by nonhydrostatic stress conditions within the diamond 

anvil cell, such as uniaxial compression and pressure gradients. Radiation damage can 

further contribute through defect formation and partial amorphization, occasionally 

accompanied by enhanced fluorescence. In some cases, partial peak narrowing over time 

suggests defect relaxation or annealing. Overall, the observed FWHM reflects a combined 

contribution from crystallite size evolution, strain, defect generation, and stress effects 

during irradiation and compression77. Microstrain is indeed an issue particularly with 

nonhydrostatic high pressure DAC experiments.  The XRD patterns observed represent a 

statistical average of unit cell-based XRD. Thus, examining the XRD patterns of produced 

Ag, a combination of microstrain, bulk lattice damage (dislocations, faults, impurities etc.) 
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have a demonstrated effect. In this study, we have not sought to study the long-term 

changes in microstrain, pressure-induced broadening and bulk sample damage, and 

separation of product mixtures as it is challenging to separate these four contributing 

factors to broadening. The analysis focused on monitoring Ag formation using a single-

reflection FWHM approach within the context of hard x-ray photochemistry. From the 

Scherrer crystallite size analysis of Ag, it was found that the crystallite size increased 

over the period of irradiation, indicating progressive growth of newly formed Ag 

nuclei. The plateauing of the crystallite size with extended X-ray exposure suggested 

that the sample had gradually converted to Ag crystallites, followed by the onset of 

crystallite size growth at 1.65 GPa. The Avrami growth behavior and the crystallite 

size evolution demonstrate that the X-ray assisted reduction of silver acetate 

proceeded through nucleation and growth of nanocrystalline metallic Ag, with both 

the kinetics and final domain size strongly influenced by the applied pressure. Based 

on the Avrami analysis, we evaluated the Scherrer crystallite size from the 80-minute 

growth point to 600 minutes and observed that the crystallite size increased 

progressively with time. The formation of metallic silver begins after approximately 

80 minutes. Silver grains subsequently grow in size throughout continued irradiation, 

reaching a final size of 5.14 ± 0.02nm after 600 minutes, at which point the grain 

growth plateaus. These values were obtained by fitting the experimental data using a 

Boltzmann sigmoidal growth model, with a goodness of fit (R² = 0.985), confirming 

that crystallite growth occurred as a slow and controlled process under pressure 

during continuous X-ray irradiation.
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Figure 7: The size of crystallite in nm at pressure 1.65 GPa as a function of time. The red 

ball denotes the experimentally measured crystallite-size evolution during X-ray 

irradiation, and the black solid line corresponds to the Boltzmann sigmoidal fit.

Collectively, these results demonstrate that X-ray photochemistry provides an effective 

route for generating metallic silver from silver acetate, with pressure offering a practical 

means of tuning both the reaction yield and the characteristics of the final product.

4. Conclusions

In this paper, we have examined the role of x-ray irradiation of silver acetate. We have 

observed that silver acetate was reduced to silver metal under x-ray irradiation. With an 

aim of better understanding this x-ray induced metallization, the X-ray decomposition of 
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silver acetate was studied at different pressures to interrogate time-dependent 

decomposition and structural changes. The metallization reaction dramatically slowed with 

pressure, even appearing to cease at 4 GPa. At ambient pressure, the changes are gradual, 

whereas at 1.65 GPa the decomposition is clear and controlled as a function of time. The 

main product is metallic silver, consistent with a cubic (FCC) structure and with some 

amount of unreacted silver acetate remaining. These conclusions are supported by XRD, 

Avrami, relative measure of solid Ag evolution and crystallite size calculated data. At 4 

GPa, we did not detect any metallic silver. Analysis with the Avrami model indicates that 

within 0–4 GPa, the rate and geometry of X-ray induced silver formation are independent 

of pressure whereas TY value was obtained. The formation of metallic silver begins after 

approximately 80 minutes of X-ray exposure. The FCC Ag grains subsequently grow in 

size throughout continued irradiation, reaching a final size of 5.14 ± 0.02nm after 600 

minutes, at which point the grain growth plateaus. These values were obtained by fitting 

experimental data using a Boltzmann sigmoidal growth model. Our experiments show that 

X-rays could be matter interactions can be actively controlled by tuning experimental 

parameters, especially pressure. By compressing the sample, we adjust interatomic and 

intermolecular distances, which in turn modulates X-ray-induced photochemical 

pathways6. Using this pressure control, we demonstrate X-ray-induced synthesis of silver 

as a viable alternative route, with the potential to improve the synthesis of the nanoparticles 

in a controlled way. This study is important from the standpoint of better understanding 

mechanisms associated with x-ray induced metallization of salts which may find relevance 

in battery science and catalytic regeneration.  Further work will endeavor to understand the 
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anion products and examine other salts that may be similarly reduced to constituent metals 

via x-ray induced metallization.
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