Open Access Article. Published on 13 May 2024. Downloaded on 2/20/2026 11:19:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 15328

Received 10th April 2024
Accepted 7th May 2024

DOI: 10.1039/d4ra02689f

rsc.li/rsc-advances

Introduction

Preparation and measurement of a sandwiched Sn
atomic beam source for laser resonance ionization
mass spectrometryy

Jiangfan Wang,@* Jinlong Fan, Zhiming Li,* Wenliang Wang, Lei Feng,
Pengfei Zhang, Guowei Chen, Xiaowei Yi, Xiangbo Zhang, Xiaopan Shen and Jiang Xu

Isotope analysis of Sn plays a crucial role in geochemical studies and in monitoring nuclear contamination.
Nevertheless, prevalent analytical techniques for examining Sn isotopes encounter the issue of isobaric
interference, markedly impacting the accuracy of the test results. Laser resonance ionization mass
spectrometry (LRIMS) can effectively overcome the difficulties associated with the isobaric interference
inherent in commercial mass spectrometry. In this paper, different amounts of Sn were prepared on Re
filaments by electrodeposition and tested via LRIMS. The results showed that the average detection
efficiency of LRIMS decreased with increasing total Sn content from 1 pg to 4 pg, and the fluctuations in
the test results among the samples increased significantly. Therefore, the electrodeposition process, as
well as the composition and morphology of the deposits were characterized by SEM, EDS and XPS;
results showed that the degradation of the samples with increasing Sn content was attributed to the
complexity of the composition, micro-structure, valence of the deposits, and the interference of various
elements. To cope with the anomalies encountered above, the deposits were heat-treated at 600 °C in
a hydrogen atmosphere to eliminate detrimental impurities, like Cl, and Sn was effectively reduced to an
almost singular atomic state. Furthermore, a titanium layer was covered on the surface of the heat-
treated deposit by magnetron sputtering. Ultimately, a highly efficient and stable Sn atomic beam source
with a sandwiched structure has been successfully developed and exhibits broad application prospect.

comprising a tunable laser, an atomic beam source, and a mass
spectrometer system."”* The tunable laser produces a laser

The isotope analysis and measurement of Sn have important
applications in multiple fields. For example, Sn is an important
nuclear fission product that produces 23 radioisotopes during
the fission process.” The contents of **'™Sn and '*°Sn and their
contributions to the long-term dose need to be taken into
account in the reprocessing process of spent fuel.” In addition,
the difference in isotope ratios of Sn in different geological
structures can be used as a fingerprint feature for research on
geological genesis.>*

At present, inductively coupled plasma mass spectrometry
(ICP-MS)*** and thermal ionization mass spectrometry
(TIMS)** are the main analytical methods for the isotope anal-
ysis of Sn. However, the above methods are susceptible to
interference from isobaric and complex ions (such as '*'Sb for
121mgn and *?°Te for *°Sn), thus affecting the accurate analysis
of Sn. Laser resonance ionization mass spectrometry (LRIMS) is
an innovative analytical technique developed in recent decades,
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beam at a specific frequency, which crosses the collision with
the atomic beam source and induces the atoms to undergo
resonance excitation and photoionization. The ions produced
are then deflected by the magnetic field and enter the detector,
where they are sorted by mass to provide the desired sample
information. Therefore, LRIMS integrates the strengths of laser
spectroscopy and mass spectrometry, offering enhanced
elemental selectivity and sensitivity. This technology effectively
addresses the issue of isobaric interference, a significant chal-
lenge in traditional mass spectrometry.

The preparation of highly efficient and stable atomization
sources is one of the key steps in the LRIMS analysis process.
The quality of the atomization source plays a crucial role in the
test results of the LRIMS system. Currently, the atomization
source generally adopts an electrically heated filament struc-
ture, and a high-purity Re or Ta filament of 0.7 mm x 0.045 mm
(width x thickness) is pressed and welded on the test bench.
The sample to be analyzed was quantitatively transferred to an
active area of 1-3 mm x 0.7 mm on the centre of the filament
surface (the action area of the laser with an atomic beam). In
view of the importance of atomization sources for LRIMS test
results, researchers mainly from Mainz University in Germany,

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra02689f&domain=pdf&date_stamp=2024-05-11
http://orcid.org/0000-0001-6573-4521
https://doi.org/10.1039/d4ra02689f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02689f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014022

Open Access Article. Published on 13 May 2024. Downloaded on 2/20/2026 11:19:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and the Paul Scherrer Institute in Switzerland, have carried out
many theoretical studies and experimental work to improve the
detection efficiency and stability of LRIMS in recent
decades.”™ Actinide radionuclides were usually prepared on
the micro-regions of Re/Ta filament by electrodeposition and
then covered with a reducing metal layer, thus a sandwich
atomization source was obtained and applied to LRIMS
measurements. To the best of the authors' knowledge, prior
studies have predominantly focused on actinides and techne-
tium,*® with limited exploration into the preparation and anal-
ysis of other elements. Currently, Sn sources are typically
prepared by directly dropping a mixture of Sn sample solution
and graphene oxide.>** In this approach, Sn is present in the
form of complex ionic compounds, which is not ideal for
creating an efficient atomic beam source. Alternatively, through
electrodeposition, Sn can be deposited in atomic form on the
surface of Re filaments, enhancing atomization efficiency and
making it a superior method for preparing LRIMS test sources.
In previous work,*” a 1 pug Sn atomic source was prepared on the
surface of Re filaments via electrode position, and the optimum
parameters were investigated to achieve a satisfactory yield. To
be inspirited, the average detection efficiency of LRIMS using
the as-deposited Sn samples was found to be about an order of
magnitude higher than dropping Sn sample with graphene
oxide solution.

Due to the low yield of the >'™Sn and "*°Sn fission products
in the original spent fuel, and the introduction of '*°Sn
(abundance of 32.85%) background during the separation
process, which would cause strong tailing interference to the
measurement of >"™Sn, the accuracy of the LRIMS measure-
ment must be even higher for real samples. In order to reduce
the uncertainty of the final measurement results, it is necessary
to further increase the cumulative signal intensity of Sn by
improving the detection efficiency or the Sn content. Therefore,
in this paper, the preparation and testing of Sn sources with
larger sample content were carried out, and methods to improve
the detection efficiency and stability of LRIMS were further
explored to meet the rigorous requirements of real samples.

Experimental
Electrodeposition of Sn on Re filaments

The apparatus for preparing the Sn sources in a 3 x 0.7 mm
spot by electrodeposition have been reported in our previous
work.?* Before using, Re filaments (45 um thick, 0.7 mm wide)
were treated with 6 M HCI at 100 °C for 10 min. Subsequently,
they were ultrasonically cleaned with deionized water. After-
wards, the Re filaments were modified in a special etchant
solution for 10 min and ultrasonically cleaned with deionized
water before electrodeposition. The composition of the etchant
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solution was 10 g K3Fe(CN)s + 10 g KOH + 100 mL distilled
water. The as-treated Re filament was then assembled in the
electrodeposition apparatus and the area to be plated was
confined to a length of 3 mm. A platinum wire and Re filament
served as the anode and cathode, respectively, which were
connected to an external power supply that delivered a constant
voltage. The electrolyte was composed of 1-4 pg Sn (SnCl,) and
1-10 pgPb (Pb(NO;),) in 2 M HCI. The Pb was added to promote
the electrodeposition of Sn. The apparatus was placed in a water
bath to maintain a constant temperature. The primary electro-
deposition parameters are listed in Table 1.

Electrodeposition of Sn on Re filaments

The surface morphology of the Sn samples was observed using
a scanning electron microscope (SEM, TESCAN MIRA4 and
Quanta FEG 250). The chemical composition was examined
using energy-dispersive X-ray spectroscopy (EDS) attached to
the SEM system. Chemical surface characterization was per-
formed by X-ray photoelectron spectroscopy (XPS), and Al-Ko.
radiation was used. The X-ray source was operated at an anode
voltage of 12 kV and a current of 6 mA. The experimental
uncertainty of the binding energies was 0.1 eV, and the spectra
were calibrated by a Cl1s peak at 284.8 eV. To determine the
electrodeposition yields under different parameters, the elec-
trolyte containing radioactive ***Sn (***Sn, ¢,,, = 115.1 days, E,
= 391.7 keV) tracer was measured before and after the electro-
deposition process via y-ray spectroscopy. To produce the **sn
radioactive tracer, condensate '*>Sn metallic powder was irra-
diated with thermal neutrons in the Xi'an Pulsed Reactor and
subsequently dissolved in 2 M HCIl. The as-electrodeposited
samples were pressed, welded on the test bench and deter-
mined using the LRIMS device developed in our laboratory. The
structure of the LRIMS device was shown in ref. 22 and an
efficient three-color three-photo resonance ionization scheme
of Sn was confirmed. The laser wavelengths of each excitation/
ionization step were optimized as A; = 286.4 nm, A, =
811.6 nm, A; = 823.7 nm and other detailed test parameters
were reported in *'. The LRIMS detection efficiency is defined as
the ratio of the number of **°Sn ions counted by the detector to
the number of atoms originally present on the filament.

Results and discussion

Preparation and testing of sources with different contents of
Sn

Owing to the low yield of Sn fission products, it is essential to
increase the sample amount to enhance the method's reliability
and accuracy of the method in order to meet the rigorous
requirements in practical applications. This paper extended

Table 1 Electrodeposition parameters for preparation of Sn source on Re filaments

Voltage Deposition time Sn content

Pb content

Distance between electrodes Bath temperature

2.0V 0-4 h 1-4 pg

© 2024 The Author(s). Published by the Royal Society of Chemistry

1-10 pg

5 mm 60 °C
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Fig. 1 SEM for electrodeposition sources with different Sn contents;
(@) 1 pg, (b) 2 pg and (c) 4 pg.

previous experimental work by preparing electrodeposition
sources with varying Sn amounts, ranging from 1 to 4 pg, to
augment the signal intensity of electrodeposited samples and
diminish the uncertainty in test results. Fig. 1 presented the
analysis of deposits with different Sn quantities. As depicted in
Fig. 1, a slight increase in total deposit amount corresponded
with added Sn, yet the microstructures remained similar,
exhibiting small dendritic forms. EDS analysis of the electro-
deposition source revealed a notable rise in the proportion of Sn
as the added Sn amount increases (see Fig. s1 in ESI{). Elec-
trodeposition experiments utilised various Sn solutions

1 g Sn 2yg Sn 4 g Sn

363£1.84E-04 | 243211204 | 6.31£4.62E-05

LRIMS efficiency
.
.

1 2 N M DZ4UB1!)|1NH18£U2221[72}J
Sn content/ug Filament number

(c) 1pg Sn (d) 49 Sn

Cycle number Cycle number

Fig. 2 (a) Electrodeposition yields, (b) LRIMS detection efficiency and
(c) and (d) signal curves of 12°Sn ions from electrodeposition sources
with different Sn contents.
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containing "**Sn as a marker, and the yields were also assessed.
Fig. 2(a) illustrated that electrodeposition yields exceeded 90%
when Sn ranged from 1 to 4 pg, indicating the suitability of the
used electrodeposition device and parameters for different Sn
quantities. The prepared samples were then compressed, wel-
ded onto the test bench, and subjected to LRIMS analysis.
During the test, a current was applied to the filament and the
photo-induced ion signal of **°Sn was monitored by the Faraday
cup. The filament was heated to a temperature where a stable
count rate was achieved. Whenever the count rate decreased,
the current was increased further until the desired count rate
was reached. This was repeated until the signal faded
completely. The basic process in LRIMS test has been added in
the paper. Uniform test conditions were applied to the elec-
trodeposited Sn sources across the 1 to 4 pg range, and the
resulting detection efficiencies are displayed in Fig. 2(b).
Surprisingly, as the Sn content in the deposit increased, the
detection efficiency of the corresponding samples decreased
gradually, but the fluctuations in the test results between the
samples increased significantly. The LRIMS detection efficiency
includes any loss of Sn ions between the source and detector.
With a well-tuned LRIMS setup, the apparative factors should
be rather constant. Hence, fluctuations in the detection effi-
ciency from sample to sample largely reflected the reproduc-
ibility of the atomic beam source.'® In some cases, the detection
efficiency of the electrodeposition source with 4 pug of Sn was 5
times lower than that with 1 pg, ie., the cumulative signal
intensity for the electrodeposition source with 4 pg of Sn tested
by LRIMS was even lower than that with 1 pg (as depicted in
Fig. 2(c) and (d), each plot represents one individual sample).
The results of the above experiments showed that, although the
total amount of Sn in the deposits increased proportionally with
the addition of Sn in the electrolyte, the excess Sn deposits were
not effectively converted into detectable ion signals. Therefore,
the above experiments failed to achieve the purpose of
increasing the signal intensity of ">°Sn ions by simply summing
the Sn addition in electrolyte. An in-depth analysis of the elec-
trodeposition process as well as the products was required to
explain the causes of the above anomalies and to find
a solution.

Analysis of the electrodeposition process and deposits

To better understand the composition of the electrodeposition
products, the formation process needs to be analyzed first.
Fig. 3 showed a typical I-¢ curve recorded during the electro-
deposition process. It can be seen that the current decreased
sharply at the very beginning, then raised slowly to an extreme
value, and eventually decreased to near zero. The complex trend
of the curve suggested that different reactions may occur at
different stages of the electrodeposition process. In addition,
the fluctuation of the I-t curve also varied at different stages,
where the fluctuation of the current was also greatest at the
maximum value of the current. According to the I-¢ curve in
Fig. 3, the electrodeposition process can be characterised into
different stages, and six electrodeposition experiments were
carried out for different durations (for a total amount of Sn

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Typical /-t curve recorded during the electrodeposition
process and SEM morphologies of Sn deposits prepared under
different time. (A: granular grains, B: fine dendritic structures, C: rod-
shaped deposits).

added of 4 pg). Fig. 3 also showed the micromorphology of the
deposits obtained under different electrodeposition time and it
can be seen that the surface morphology of the electrodeposi-
tion evolved according to the trend of granular grains —
dendritic grains — rod grains with the extension of time.

The EDS analysis of various deposit forms indicated signif-
icant differences in their elemental compositions. In the initial
phase of deposition, the granular grains in area A exhibited the
highest content of O, with lower levels of other elements. Micro-
area X-ray diffractometry (micro-XRD) analysis of the oxide
identified it primarily as ReOj3, suggesting that reverse deposi-
tion of Re, dissolving from the cathode surface, was predomi-
nant during the early stages of the energisation process. The
fine dendritic structures (identified as B), which formed as
deposition time extended, mainly consisted of Sn, O, Pt, and
a trace of Cl. In this area, Pt and Sn were particularly concen-
trated. Towards the final stage of deposition, the rod-shaped
deposits marked as C showed a noticeable increase in the
content of Cl and Pb. The deposition yields of Sn at varying
deposition durations were measured using an electrolyte con-
taining the "*?Sn tracer. It was found that the electrodeposition
yield was greater than 90% when the deposition time was over 3
hours. When the deposition time was further extended, the
increase in the electrodeposition yield was not significant.

Fig. 1 and 4 showed that the electrodeposition products con-
tained various elements, such as O, Cl, Pt, Sn, Pb and Re. To further

—

Deposition yieldi%
EDX atomic %

s
—_—

=

1 2 3 4 ¢} cl Sn Pt Pb
Time/h Elements

Fig. 4 (a) Deposition yields for different deposition times and (b) EDS
analysis results corresponding to different species.
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study the species of each element in the deposits, the samples
obtained at different deposition times were characterised via XPS
for Cl, Pt, Sn and Pb, respectively. The element content of XPS
analysis was consistent with the EDS results (see Fig. 2s in ESI}).
According to the binding energy,” the of Sn 3d region showed that
Sn was consisted of two valence states, namely, 0 and +2 in all of the
deposits prepared under different deposition time. This phenom-
enon was also observed in our previous study with 1 pg Sn
samples.? More specifically, Sn was present as a mixture of Sn® and
Sn**; the latter was predominant on the deposit surface, whereas
the Sn® component increased with the etching depth of Ar* and
progressively became the primary species in the deposits. Since the
laser at a specific wavelength would only resonantly ionize with Sn
in the atomic state, but not Sn**, thus the Sn** was actually an
ineffective electrodeposition product. It can be reasonably inferred
that the different ratios of Sn species in different electrodeposited
samples would result in large differences in the LRIMS detection
efficiency (larger RSD) even at similar electrodeposition yields. Base
on the experimental data in Fig. 2(b), a decrease in average detec-
tion efficiency correlated with an increase in Sn content was
observed, likely attributable to a rise in the proportion of Sn**
within the electrodeposits. The variation in the rate of two species
Sn among different samples was also more significant for deposits
with larger Sn content, leading to larger fluctuation of the detection
efficiency. Moreover, no consistent pattern was evident in the
shapes of the '*°Sn ion signal curves obtained during the LRIMS
tests on various samples (see Fig. 2(d)). In certain instances,
multiple peaks were discernible, possibly reflecting the evapora-
tion-ionization process of different forms of Sn. Consequently, it
can be deduced that the observed fluctuations in detection effi-
ciency across samples and the diversity in the shape of the *>°Sn ion
signal curves were intrinsically linked to the morphology and
composition of Sn in the electrodeposition source.

Due to the complex composition of electrodeposits, we
cannot also ignore the interaction between them during the
LRIMS test. The role of each element in the electrodeposition
source and its possible effects on the LRIMS test were analyzed
below. As mentioned in Section 2.1, the Sn source of microgram
scale was electrodeposited in 2 M HCI solution, which was also
the usual medium for the purification and separation of Sn
from matrix. According to our previous study,* it was clear that
electrodeposition on the ultrasmall surface of Re filaments was
a process strongly affected by the hydrogen evolution reaction.
To mitigate the interference of hydrogen bubbles generated on
the Re surface during the electrodeposition process, the surface
of Re filaments was modified to enhance the hydrophilicity. As
a result, an increased number of microscopic “grooves” were
observed on the surface of Re filaments, providing additional
active sites for subsequent electrodeposition. The Sn deposits
exhibiting dendritic growth tended to be relatively loose.
Throughout the deposition process, localised alkaline regions
developed on the electrode surface amidst the microscopic
dendrites. This environment facilitated the formation of alka-
line stannous chloride, as demonstrated in eqn (1). Conse-
quently, during the electrodeposition of trace amounts of Sn in
an HCI system, the presence of some chlorides in the deposit
was inevitable.

RSC Adv, 2024, 14, 15328-15336 | 15331
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SnCl, + H,O = HCI + Sn(OH)Cl | (1)

As shown in Fig. 5(a), there were also different chemical
states of Cl in the electrodeposition source, but the peak shape
did not change remarkably with increasing deposition time. To
date, there were no directly related studies on the possible
effects of Cl on the LRIMS testing process for Sn. Fortunately,
during the measurement of Sn by graphite furnace atomic
absorption spectrometry (GFAAS), E. Lundberg et al.>* described
the mechanism of action of Cl in the matrix on the ashing-
atomization process of Sn, which can provide a reference for
this study. In the above-mentioned paper, the loss of Sn on the
graphite surface during the drying and ashing stages was
monitored via radioactive measurements. The results showed
that the Cl present in the matrix caused the volatilization loss of
Sn at lower heating temperatures. Based on the previous anal-
ysis, Cl could be unavoidable in the deposits prepared from
electrolyte containing HCI, and the content of Cl in the deposits
also increased with increasing of Sn addition (Fig. 1(a3) vs.
Fig. 1(c3)). Despite the fact that EDS is a semi-quantitative
analysis method, and results of element content fluctuate
among different samples and even different test areas. This
conclusion was reasonable in the EDS analysis based on a large
number of samples with different Sn contents. During the
LRIMS test, the surface temperature of the Re filament generally
raised to 800-900 °C by electric heating within 10-20 min in
a high vacuum. Therefore, it can be inferred that the CI present
in the deposits firstly reacted with part of the Sn at lower
temperatures during the heating process, volatilizing in the
form of chloride, and resulting in an ineffective loss of Sn and
lower detection efficiency of LRIMS. Therefore, the electrode-
position of Sn in HCI electrolyte seemed to be inadequate.

Previous experimental results showed that the deposition yield
of 1 ug Sn sample increased from 37% to 90% when the lead
content increased from 1 pg to 5 pg in the electrolyte.” However, as
the lead content continued to increase to 10 g, the deposition
yield gradually decreased to 82%, indicating that the addition of
lead should be controlled to a certain extent. In addition, the
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Fig. 5 XPS analysis results of (a) Cl, (b) Pt, (c) Pb and (d) Sn prepared
under different deposition times.
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excess of Pb would also lead to the complications in composition
at the late stage of electrodeposition, which may have an adverse
effect on the subsequent LRIMS testing. The results of XPS analysis
showed that Pb in the deposit was also composed of two valence
states: 0 and +2. When co-deposited with Sn, Pb was generally 0-
valent, and when co-deposited with Cl, it was +2. Although the
electrodeposition time was found to significantly affect the yield
for micro-electrodeposition,*?* based on a comprehensive anal-
ysis of the above results, it could be concluded that it was not
advisable to prolong the deposition time without any limitations
in pursuing a higher yield. In contrast, the deposition time should
be strictly controlled. After electrodeposition for 3 h, the increase
in the electrodeposition yield was not obvious and rod-like
deposits (marked C in Fig. 3) were gradually introduced, which
complicated the deposition and the LRIMS test process.

The presence of Pt in the deposits was a result of anodic
dissolution, predominantly located within the nanoscale
dendritic crystals, paralleling the elemental distribution pattern
of Sn. The XPS analysis in Fig. 5(b) showed that the Pt in samples
obtained at different deposition times largely remained in the
atomic state. Given the significant catalytic impact of nanoscale
Pt on the hydrogen evolution reaction, a gradual increase in
current (the main reaction) was observed following an initial
sharp decline in the I-¢ curve. This also leaded to a noticeable rise
in the fluctuation of the corresponding curve. Since the elemental
distribution of Pt aligns with Sn in the dendritic crystals, it can be
tentatively concluded that Pt significantly enhanced the Sn
deposition process. The carrier effect of Pt on trace or microscale
elements during the electrodeposition process has also been
documented in the electrodeposition of actinide elements.>”®
Although chlorine, an undesired element, was inevitably intro-
duced during Sn electrodeposition, it also facilitates the anodic
dissolution of Pt in the HCI system, indirectly aiding Sn electro-
deposition. To minimise chlorine's interference in the deposits,
electrodeposition of Sn in a sulfuric acid system was also con-
ducted for comparison. However, the resulting Sn and Pt content
in these deposits was found to be notably low.

Although we succeeded in enriching most of the Sn in solu-
tion in the ultrasmall region of the Re filament, the detection
efficiency of the LRIMS test was significantly improved compared
to that of the original method. However, the electrodeposition of
microgram Sn on an ultrasmall surface heavily interfered with
the hydrogen evolution reaction. Due to the complexity of the
composition, microstructure, and valence of the deposits, the
LRIMS tests were inevitably accompanied by a complex atom-
ization process, leading to large sample-to-sample fluctuations in
the test results. Therefore, electrodeposits must be reprocessed
appropriately before the LRIMS test to obtain a relatively homo-
geneous composition that was conducive to subsequent testing
and to minimizing possible interactions between elements.

Heat treatment of the electrodeposited sources

The EDS results in Fig. 1 showed that Sn may exist in the form of
oxides, chlorides, alkali chlorides, etc., in the deposits. To
obtain a monomorphic state, it was necessary to transform the
futile oxides and chlorides of Sn to the atomic state before

© 2024 The Author(s). Published by the Royal Society of Chemistry
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LRIMS measurement. Currently, high-purity Sn powder was
often prepared by hydrogen reduction at high temperatures,*
therefore, this paper also explored the use of this effective
method for the post-treatment of the electrodeposition prod-
ucts. Prior to experimental action, the results of the Gibbs free
energy calculations for the reduction of some of the Sn oxides
and chlorides to Sn by hydrogen at different temperatures were
presented in Fig. 6, which indicated that the reduction of Sn
oxides and chlorides to metallic Sn by hydrogen was thermo-
dynamically feasible below 850 °C.

First, four group samples were prepared by electrodeposition
with a total of 4 ug Sn, and then heat-treated in a quartz tube
furnace at different temperatures for 1 h in hydrogen atmo-
sphere, respectively. The microscopic morphology of the
samples after heat treatment was shown in Fig. 7. It can be seen
that the dendritic crystals of the electrodeposited products did
not change significantly after heat treatment below 600 °C.
However, after heat treatment at 900 °C, the microscopic
morphology changed from dendrites to spherical particles,
indicating that the deposits showed obvious signs of melting
after heat treatment. To avoid a large amount of volatilization of
Sn during the post-treatment, the temperature should be kept
below 900 °C, which was recommended to be 600 °C. It was
worth noting that the deposits still maintained intact dendrites
after heat treatment at 600 °C, and a melting phenomenon was
observed after heat treatment at 900 °C, regardless of the fact
that the melting point of Sn metal is only 232 °C. From the
discussion in Section 3.2, we can conclude that the Pt originated
from anodic dissolution significantly promoted the electrode-
position of Sn, and the elemental distributions of Sn and Pt
were mainly concentrated in the microscopic dendritic region.
According to the phase diagram of the Sn-Re system, Re does
not form any intermetallic compound with Sn.** Among other
elements present in the deposits, only Pt has the potential to
increase the melting point of Sn. Therefore, the phase diagram
of Sn-Pt binary alloys was analyzed, and it can be seen from
Fig. 8(a) that two thermodynamically stable intermetallic
compounds (PtSn, and Pt,Sn;) may form between Sn and Pt
from 600 °C to 900 °C. To verify the above hypothesis, micro-
XRD analysis of the deposits showed that the PtSn, phase was
formed after heat treatment at 600 °C for 1 h.

150
—=— SnCl,+H,(g)=Sn+2HCI(g)

® SnCl (9)+2H,(g)=Sn+4HCl(g)
sy —4— 8n0O+H,(g)=Sn+H,0(g)
L —¥— 8n0,+2H,(g)=8n+2H,0(g)

100 - "g
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o
T
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Fig. 6 Gibbs free energy for the reduction of several oxides and
chlorides to Sn metal by hydrogen at different temperatures.
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Fig. 7 SEM images of the Sn samples after heat treatment at different
temperatures for 1 h.
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Fig. 8 (a) Phase diagram of the Pt—Sn system; (b) micro-XRD analysis
of the deposits after heat treatment at 600 °C for 1 h.

To examine the effect of heat treatment in hydrogen atmo-
sphere, the sample after heat treatment at 600 °C was further
characterized and analyzed via XPS. Fig. 9 showed that the Cl
and Pb peaks had basically disappeared after heat treatment,
and Sn mostly transformed to an atomic state. Therefore, heat
treatment of the electrodeposits under a hydrogen atmosphere
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Fig. 9 XPS analysis of (a) the as-electrodeposited sample and (b) after
heat treatment at 600 °C for 1 h.
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Fig. 10 Signal curves of 2°Sn ions recorded with different sources: (a)
without titanium coating; (b) and with titanium coating.

effectively reduced the complexity of the composition and
essentially yielded a Sn source close to monomorphic state. The
formation of PtSn, after heat treatment was favorable for
improving the thermal stability of Sn during the subsequent
LRIMS test.

Preparation and testing of the sandwiched source

The LRIMS test was performed on the electrodeposition source
after heat treatment at 600 °C for 1 h, and the signal curves of
the '*°Sn ions were recorded as shown in Fig. 10(a). Although
the maximum signal intensity of the '*°Sn ions was high
enough, the fluctuations were relatively severe. Due to the

-, Heat
electrodep05|t|on/ treatment
Re filament Sn/Re Sn/Re

Ti/Sn/Re sandwich

View Article Online
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volatility of Sn, the evaporation process of Sn was rather rapid
and it was difficult to effectively control the evaporation rate of
Sn by adjusting the heating current of the Re filament, which
was very unfavorable for subsequent measurement of the
isotope ratio of '>'™Sn/"*¢Sn. Therefore, the question of how to
effectively control the stability of the *°Sn ion signal during
LRIMS measurement must be addressed. In response to the
above problem, 1 pm-thick titanium coating was prepared on
the surface of the heat-treated deposited layer by magnetron
sputtering, thus converting the evaporative atomization source
into a diffusive atomization source. During the LRIMS test, Sn
passed through the titanium barrier by diffusion instead of
direct volatilization. As a result, the stability and repeatability of
the final signal curves of the '*°Sn ion were significantly
improved, as shown in Fig. 10(b). The optimized preparation
flowchart of a highly efficient and stable Sn atomic beam source
with a sandwich structure for the LRIMS test is shown in Fig. 11.

The detection efficiencies of different Sn samples were
summarized in Table 2 for comparison. The detection efficiency
of LRIMS is defined as the ratio of the total number of ions
counted by the detector to the number of atoms initially present
on the Re filament (assuming an electrodeposition efficiency of
100%). Observations revealed that when the electrodeposited
samples were directly subjected to LRIMS testing, the detection
efficiency progressively declined as the Sn content increased,
leading to a marked rise in the variability of test results.
Samples containing 2 pg and 4 ug of Sn were also prepared
using the improved method depicted in Fig. 11 and subse-
quently tested by LRIMS for comparison. The test results indi-
cated that, for the 2 pg Sn sample, although the average
detection efficiency was marginally lower than before

Magnetron

sputtering /

Sample
assembly

Fig. 11 The preparation flowchart of a highly efficient and stable Sn atomic beam source for LRIMS.

Table 2 Overall detection efficiency of Sn samples prepared by different methods

2 g 4pg
Sample no. 1ug Sn 2 ug Sn Sn with sandwich structure 4 g Sn Sn with sandwich structure
1 7.40 x 10°* 4.97 x 107 2.4 x 107* 6.33 x 107 3.76 x 10°*
2 47 x 107 3.05 x 10°* 3.1 x10°* 1.52 x 10°* 7.83 x 10°*
3 3.0 x10°* 2.98 x 1074 2.34 x 1074 8.90 x 107° 5.96 x 10~*
4 2.8 x10°* 2.30 x 10°* 1.18 x 10°* 2.37 x 107° 5.81 x 10°°
5 2.3 x 107 1.55 x 10°* 1.73 x 10°* 2.58 x 107° 3.87 x 107
6 2.8 x10°* 2.3 x10°* 2.11 x 107 6.10 x 107° 1.42 x 10°*
7 2.4 x10°* 2.8 x 107 1.47 x 10°* 2.69 x 1077 5.40 x 107°
8 — 9.5 x 107° 1.92 x 107* — —
9 — 1.6 x 10°* 1.58 x 10°* — —
10 — 1.8 x 10°* 1.27 x 10°* — —
Average values 3.63 x 107* 2.43 x 107* 1.91 x 107* 6.31 x 107° 3.42 x 107*
RSD/% 50.8 46.9 31.0 73.3 81.4
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treatment, the stability of the test results across samples
showed slight improvement. For the 4 pug Sn sample, there was
a notable enhancement in average detection -efficiency.
However, due to the inevitable loss of Sn during heat treatment,
the detection efficiency values obtained in the final tests would
be lower than the actual scenario. The results in Table 2 also
indicated that as the Sn content increased, the matrix interfer-
ence effect on the test results was more significant than that of
the other methods. At the same time, the optimized preparation
method proposed in this paper was more effective in elimi-
nating the matrix interference effect for samples with higher Sn
contents.

Conclusions

To meet the rigorous requirements of LRIMS test for real
samples, the preparation and measurement of Sn sources with
different sample contents were carried out in this paper.
Methods for improving the detection efficiency and stability of
LRIMS were further explored, and the following conclusions
were mainly drawn:

(1) The electrodeposition efficiency was maintained above
90% as the Sn content increased from 1 to 4 ng. However, the
detection efficiency of the LRIMS gradually decreased with
increasing Sn content, and the fluctuations in the test results
increased significantly.

(2) The analysis and characterization of the electrodeposi-
tion process, composition, morphology and valence of the
deposits showed that the fluctuations in the detection efficiency
results could be attributed to the complexity of the elements,
the composition and valence of the deposits and the interfer-
ence between each other. Among all the constituent elements,
Cl played a very special role: on the one hand, during the elec-
trodeposition process, the HCl was more conducive to the
anodic dissolution of platinum, which in turn promoted the co-
deposition of Pt-Sn; however, during the heating process of the
LRIMS test, Cl promoted the low-temperature volatilization of
Sn, which reduced the detection efficiency.

(3) The harmful impurity in deposits, such as Cl, could be
effectively removed and the Sn sources close to monomorphic
was obtained after heat treatment in a hydrogen atmosphere.
The optimal heat treatment temperature was 600 °C. The micro-
XRD analysis showed that a PtSn, intermetallic compound was
formed after heat treatment at 600 °C.

(4) The LRIMS test was performed directly on the Sn source
after heat treatment, and the signal intensity of the obtained
291 ions was high but fluctuating. After a titanium coating
with a thickness of 1 um was covered on the surface of the
deposit by magnetron sputtering, the signal stability of the
sandwiched sample could be significantly improved during the
LRIMS test.

(5) As the Sn content increased, the matrix interference effect
on the test results was more significant. At the same time, the
optimized preparation method proposed in this paper was more
effective in eliminating the matrix interference effect for
samples with higher Sn contents.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Finally, a highly efficient and stable Sn atomic beam source
with a sandwiched structure has been successfully developed in
this paper and the next step will be focused on applications in
geochemical research and nuclear pollution monitoring.
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