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Abstract. In situ liquid secondary ion mass spectrometry (SIMS) enabled by system
for analysis at the liquid vacuum interface (SALVI) has proven to be a promising new
tool to provide molecular information at solid–liquid and liquid–vacuum interfaces.
However, the initial data showed that useful signals in positive ion spectra are too
weak to be meaningful in most cases. In addition, it is difficult to obtain strong
negative molecular ion signals when m/z>200. These two drawbacks have been
the biggest obstacle towards practical use of this new analytical approach. In this
study, we report that strong and reliable positive and negative molecular signals are
achievable after optimizing the SIMS experimental conditions. Four model systems,
including a 1,8-diazabicycloundec-7-ene (DBU)-base switchable ionic liquid, a live

Shewanella oneidensis biofilm, a hydrated mammalian epithelia cell, and an electrolyte popularly used in Li ion
batteries were studied. A signal enhancement of about two orders of magnitude was obtained in comparison with
non-optimized conditions. Therefore, molecular ion signal intensity has become very acceptable for use of in situ
liquid SIMS to study solid–liquid and liquid–vacuum interfaces.
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Introduction

Ionic and molecular distribution and transport at solid–liquid
and gas–liquid interfaces are of great interest in many fields.

However, such information has been difficult to obtain because
of the lack of desirable in situ analysis tools. At biointerfaces,
for instance, the distribution of small functional ions such as

Na+, K+, Ca2+, or small organic molecules such as glucose and
phospholipid molecules remains unclear. This is despite the use
of many in situ techniques such as atomic force microscopy [1,
2], fluorescence [3, 4], Raman [5], infrared [6, 7], and surface
plasmon resonance [8].

Secondary ion mass spectrometry (SIMS) is a very pow-
erful surface analysis tool. It can provide elemental, isotopic,
and molecular information with high sensitivity (ppb to ppm
level) and good spatial resolution (down to sub-nm in depth
resolution and ~50 nm in lateral resolution) [9, 10]. Howev-
er, as a high vacuum technique, it has been traditionally used
to analyze solid samples. In situ liquid SIMS was developed
in the last several years and one of its unique capabilities is
the analysis of liquid–solid and liquid–vacuum interfaces
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[11–18]. To enable in situ liquid SIMS measurement, a
vacuum-compatible device named system for analysis at
the liquid–vacuum interface (SALVI) was developed [11,
12], where a liquid of interest can be sealed in a microfluidic
channel under a thin (e.g., 100 nm) silicon nitride (SiN)
membrane. The key to in situ liquid SIMS measurements is
the use of a ~2 μm diameter aperture on the thin SiN mem-
brane, through which the liquid interface and the liquid itself
can be analyzed. Because the aperture size is small, surface
tension can hold the liquid beneath the SiN membrane, and
the evaporation of the liquid from the aperture does not
cause any unacceptable problem to the vacuum system of
the SIMS instrument [12]. The SiN membrane surface can be
modified and the liquid in the cell can be changed, allowing
various liquid–solid interfaces to be studied. As a result, in
situ liquid SIMS has been successfully applied to analysis of
live biofilms [16, 17], protein-modified Au nanoparticles
[13], electrochemical reactions [15, 19], and the formation
of solid–electrolyte interface in a Li-ion battery [18].

However, initial studies reported detection of only negative
molecular ions [11–17] because the signals of the positive ion
spectra were too weak to be meaningful. In addition, although
negative molecular ions could be successfully analyzed, their
signal intensity was not strong [16, 17]. Therefore, the SIMS
community has some genuine concern for using this new
innovation for further practical applications.

In this work, we report an enhancement of two orders of
magnitude in molecular signal intensity by using a cluster
primary ion beam with reasonable currents. Both positive
and negative molecular ion signals can be readily detected
so that signal intensity will no longer be a major concern in
in situ SIMS analysis. Four model systems, comprising a
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)-base switchable
ionic liquid [20], a live Shewanella oneidensis biofilm
[21], a hydrated mammalian cell, and a LiPF6 electrolyte
[18] were studied.

Experimental
SALVI Fabrication

The details of SALVI fabrication have been extensively
described in our previous publications [11, 12, 16]. In
brief, a microfluidic channel with a cross-section of
200 × 300 μm2 was prepared on a PDMS block. A
100 nm thick SiN membrane with a window size of
1.5 × 1.5 mm2 supported on a 7.5 × 7.5 mm2 silicon
wafer was bonded to the PDMS block with the
microfluidic channel located at the center of the SiN
window. The liquid was introduced into the microfluidic
channel through PTFE tubes, and the two ends of the
PTFE tubes were sealed by a union [22]. The sealed
SALVI device was loaded on a sample holder prior to
ToF-SIMS analysis.

Sample Preparation

The DBU was ordered from Sigma Aldrich (St. Louis, MO,
USA) and distilled over sodium before transfer to a nitrogen-
filled glovebox. Anhydrous 1-hexanol (≥99.5%) was purchased
from Acros (Pittsburg, PA, USA) and used without any further
treatment. DBU and 1-hexanol were mixed in a 1:1 molar ratio
and sealed in a high-pressure Parr reactor inside of a nitrogen-
filled glovebox. The reactor was pressurized to 3–4 bar of CO2

and stirred for 16 h for complete conversion to the ionic liquid.
The reactor was then vented, opened at ambient condition, and
the ionic liquid was immediately introduced into a SALVI device
for ToF-SIMS analysis. It should be noted that many ionic liquids
have very low vapor pressure and they can be directly analyzed
using regular ToF-SIMS [23–26]. The DBU-base switchable
ionic liquid is unique because it decomposes to release CO2 under
vacuum (as shown in Scheme 1 [20]). Therefore, it must be
loaded in SALVI before it can be analyzed by ToF-SIMS.

The biofilm culture followed the description in our previous
papers [16, 17, 21]. In brief, the Shewanella oneidensis MR-1
was grown overnight in the MM1 medium at 30 °C. After the
SALVI microfluidic device was sterilized by 70% ethanol, the
diluted culture was inoculated into the microchannel. After
inoculation, the flowwas stopped in 4 h to facilitate the bacteria
cells’ initial attachment. Afterwards, MM1 medium was con-
tinuously supplied for biofilm growth. After ~7 d, sufficient
biofilm was formed in the microchannel, which was confirmed
by fluorescence analysis. The SALVI device was then discon-
nected from the supply of the MM1 medium and sealed for
immediate ToF-SIMS analysis.

The mammalian cells used in this research were alveolar
type II epithelial mouse lung C10 cells. The details of C10 cell
culturing in SALVI have been described in our previous paper
[27]. In brief, after being thoroughly washed by 70% ethanol
and sterilized DI water, the microchannel was treated with
10 mg mL–1 fibronectin solution overnight. Subsequently,
500 μL C10 cell suspension (the concentration is about 1 ×
106 cells per mL) was injected into the microchannel, and then
incubated at 37 °C for 1 d. Fresh medium was applied for the
following 2-d cell culturing. Then the cultured cells were
washed with PBS and fixed with 4% paraformaldehyde. DI
water was introduced into the channel after the cells were fixed
before ToF-SIMS analysis in order to reduce the interference
signals from the PBS during the ToF-SIMS analysis.

A battery grade electrolyte, composed of 1.0 M LiPF6 in
ethylene carbonate (EC) and dimethyl carbonate (DMC)
(EC:DMC=1:2, volume ratio), was purchased from Sigma
Aldrich (St. Louis, MO, USA) and directly used for ToF-
SIMS analysis without any further treatment.

Instrumentation

ToF-SIMS measurements were performed on a TOF.SIMS5-
100 instrument (IONTOF GmbH, Münster, Germany) in the
environmental molecular sciences laboratory (EMSL) located
at Pacific Northwest National Laboratory (PNNL). It was
equipped with a 25 kV Bi cluster ion source. In this study,
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three analysis beams, Bi+, Bi3
+, and Bi3

++, were compared
because they could provide reasonable beam currents [28–
30]. Focus sizes, currents, and pulse widths of Bi+, Bi3

+, and
Bi3

++ beams that were used in this study are listed in Table 1.
During in situ liquid SIMS measurement, the analysis beam
was focused to submicron size and scanned on a round area
with a diameter of about 2 μm to drill an aperture through the
SiN membrane. Secondary ion mass spectra, depth profiles,
and images were collected simultaneously (as shown in Fig-
ure 1). As soon as the SiN membrane was perforated, the
characteristic ion signals from the liquid could be observed. If
necessary, after the signals from liquids became stable, the
pulse width of the analysis beam could be narrowed down
from 150–250 ns to 50–80 ns to acquire a better mass resolu-
tionmass spectrum to facilitate assignment of highmass (m/z >
200) signals [27]. Each measurement was completed after a
spectrum of desirable quality was collected (typically 50–400 s
after drilling through the SiNmembrane). A flood gun with low
energy (<10 eV) electrons was used for charge compensation
for all measurement. In addition, it was observed that the signal
intensity could be further improved if a 1.0 keV O2

+ beamwith
a few nA (<5 nA) current was scanned on a 500 × 500 μm2 area
around the aperture during data collection.

A high beam current can be obtained if compromising beam
focus. The principle is shown in Supplementary Figure S1. One
could use the Lens Source to focus the most emission current
onto the sample surface; however; the focus was poor (Supple-
mentary Figure S1a). Alternatively, one could defocus the
beam using the Lens Source and only allow a small angle of
the emission current to pass throughAperture 1 before focusing
it onto the sample surface. In this case, the focus is improved
(Supplementary Figure S1b) with a low current. Roughly, the
beam current on the sample surface was proportional to the
square of the optimum beam diameter value. In this research,
three diameters were used: 200, 500, and 650 nm. In addition, it
was also possible to adjust the beam current by varying the

pulse widths. Owing to the time-of-flight mass selection prin-
ciple of the Bi source (as shown in Flash S1 in Supplementary
Materials), for each ionic species there was a maximum pulse
width over which interference from other ion species appeared.
For the Bi+, Bi3

+, and Bi3
++ beams (25 kV acceleration), the

maximum pulse widths were ~280, ~160, and ~250 ns, respec-
tively. It should be noted that the pulse widths used in this study
were narrower than the maximum values. The beam sizes,
pulse widths, as well as corresponding DC and pulsed beam
currents, are listed in Table 1. A repeat rate of 10 kHz (cycle
time = 100 μs) was used and the effective mass range was
about m/z 0–800. For readers’ convenience, we have used
beam size, pulsed current, and ionic species to describe a beam
condition (e.g., a 500 nm 0.36 pA Bi3

+ beam, or more briefly, a
500 nm Bi3

+ beam).

Scheme 1. Known chemistry of a switchable ionic liquid consisting of DBU, 1-hexanol, and CO2 [20]

Table 1. Beam Currents and PulseWidths of Bi+, Bi3
+, and Bi3

++ Beams Used
in This Study

Probe
size (nm)

DC beam
current (pA)

Pulsed current (pA) @
10 kHz with maximum
pulsed width

Pulsed current (pA)
used in this research @
10 kHz and correspond-
ing pulsed width

Bi+ Bi3
+ Bi3

++ Bi+ Bi3
+ Bi3

++

~200 200 0.29 0.063 0.07 0.2 0.06 0.07
~500 1200 1.72 0.38 0.42 1.2 0.36 0.42
~650 2000 2.87 0.63 0.70 2.0 0.60 0.70
Pulse width (ns) 280 ns 160 ns 252 ns 200 ns 150 ns 250 ns

Figure 1. A typical in situ liquid SIMS measurement of the
DBU-base ionic liquid sample using a Bi3

+ primary ion beam.
(a) A negative ion mass spectrum, (b) depth profiles of three
representative signals, (c) two-dimensional (2-D) ion images,
and (d) three-dimensional (3-D) reconstruction. The scale bar in
(c) is equal to 400 nm. Assignment of the major peaks in the
spectrum can be seen in Table 2. Them/z 145 peak (C7H13O3

-)
is the molecular ion signal
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An optical microscope (Olympus BX60, with a 100X ob-
jective (NA = 0.80), Center Valley, PA, USA) and a scanning
electron microscope (SEM) (Hitachi TM-1000, Tarrytown,
NY, USA) were used to determine the size of the apertures
on SiN membranes. The optical images were measured as soon
as the device was taken out of the SIMS instrument. A thin
layer of Au (~10 nm) was deposited on the SiN membrane
surface before SEM measurement.

Results and Discussion
Beam Damage Evaluation

In most of our previous studies, a 25 keV Bi+ beamwas used as
the primary ion beam, and the beam size was focused to
~200 nm diameter with a current of 0.2–1.0 pA [11, 13–15].
The Bi+ beam was chosen because it was the most abundant
primary ion species, and it could provide the highest current
with our instrument (IONTOF V) [29, 30]. In addition, it had
been expected that the liquid interface should be self-renewable
due to liquid diffusion, and the beam damage of Bi+ might not
be problematic [12].

The DBU-based ionic liquid was used as a model system
to evaluate beam damage for two main reasons. First, the
chemical components of this system are simple, and secondly
it provides very strong molecular ion signals due to its ionic
nature. Figure 2 shows the depth profiles of negative molec-
ular ion (C7H13O3

-) using Bi+, Bi3
+, and Bi3

++ beams. A
strong C7H13O3

– signal appeared as soon as the Bi3
+ and

Bi3
++ beams sputtered through the SiN membrane. The

C7H13O3
– signal gradually increased and a relatively stable

state was reached. By comparison, the C7H13O3
– signal was

very weak when using Bi+ sputtering. In addition, Figure 3
shows the negative ion spectra of the ionic liquid induced by
Bi+, Bi3

+, and Bi3
++ beams. Not only the C7H13O3

– signal
but also other characteristic signals (e.g., HCO3

–, C6H11O
–,

and C6H13O
–), were weaker when using the Bi+ beam com-

pared with the Bi3
+ and Bi3

++ beams. This observation sug-
gests that the Bi+-induced damage cannot be compensated by
the self-renewable rate of the ionic liquid, whereas the Bi3

+

and Bi3
++-induced beam damage can be effectively compen-

sated. This observation can be explained by high sputter
yields of cluster incident ions. The metal cluster incident ions
are well-known to provide much higher sputter yields (about
one to two orders of magnitude) than the corresponding
monatomic incident ions [31–33], and the higher sputter
yields of the cluster incident ions can more effectively re-
move the damaged layer at the sputter interface.

The positive secondary ion spectra showed similar results
(i.e., Bi+ induces significant damage) but Bi3

+ and Bi3
++ can

Table 2. Assignment of Several Representative Negative Ion Signals of the DBU-Base Ionic Liquid

m/z Formula Note

60 CO3
–/SiO2

– Ionic liquid, characteristic fragment ion/SiN membrane
61 HCO3

– Ionic liquid, characteristic fragment ion
99 C6H11O

– (CH3-(CH2)3-CH=CH-O
-) 1-Hexanol, characteristic fragment ion

101 C6H13O
– (CH3-(CH2)5-O

-) 1-Hexanol, molecular ion
145 C7H13O3

– (CH3-(CH2)5-O-CO2
-) Ionic liquid, molecular ion

Figure 2. Depth profiles of the C7H13O3
– signal in the DBU-

base ionic liquid using 500 nm Bi+, Bi3
+, and Bi3

++ beams

Figure 3. A comparison of negative ion mass spectra of the
DBU-base ionic liquid sample using different beam conditions.
Them/z 60, 61, 99, 101, and 145 peaks are characteristic peaks
of the ionic liquid. The peak assignments can be seen in Table 2.
The relatively strong m/z 100, 102, and 146 peaks in the spec-
trum of 500 nm Bi3

++ result from wide pulse width of the Bi3
++

beam. The spectra induced by 650 nm Bi+, Bi3
+, and Bi3

++

beams are not shown because they lead to liquid leaking easily
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provide strong and stable molecular ion signals (Supplementa-
ry Figure S2). Apparently, using cluster primary ions is the key
to in situ liquid SIMS analysis.

It should be noted that unlike C60 or Ar cluster ions, molec-
ular depth profiling of organic thin films using metal cluster
primary ions is not feasible because of accumulation of beam
damage [34]. Therefore, the self-renewable feature of liquid
interfaces (attributable to liquid diffusion and evaporation in
many cases) plays an important role to compensate beam
damage in in situ liquid SIMS analysis.

Optimization of Beam Current

To further improve the signal intensity, a straightforward con-
sideration is to increase the incident beam current. One option
for increasing the beam current is to increase the pulse width.
However, the pulse width cannot be too long (≤280 ns) because
of the ion separation mechanism used in the liquid metal ion
gun (See Flash S1 in Supplemental Materials). In addition,
though only unit mass resolution is used in this study, a short
pulse width is still very helpful for assigning high mass signals
(m/z > 200). Therefore, increasing pulse width may not be an
appropriate choice. It is also possible to reduce cycle time (i.e.,
increase pulse frequency) to increase the beam current. How-
ever, cycle time is proportional to the square root of the mea-
surable mass range due to the time-of-flight principle. Since a
reasonable mass range is necessary for in situ SIMS analysis,
reducing cycle time may not be a desirable choice in many
cases either. Another option to increase the beam current is
compromising lateral resolution (increasing beam diameter) of
the incident ion beam. Generally speaking, better lateral reso-
lution is a plus for in situ liquid SIMS study because three-
dimensional (3-D) distributions of molecular signals are inter-
esting in many cases. However, better signal intensity is nor-
mally more desirable.

Increasing the primary ion beam current is helpful in im-
proving signal intensity of the molecular ion, as shown in
Figure 3c and d. An interesting observation is that the signal
does not increase linearly with beam current. For example, a
comparison of Figure 3c with d shows that the m/z 145 signal
exhibits ~20 times enhancement for only a six times increase in
beam current. This situation was commonly observed in all
model systems for both negative and positive secondary ions in
this research. A plausible explanation is that a stronger beam
may create a larger aperture in the SiN membrane, even though
the scanned area is kept the same (2 μm in diameter). This
explanation is supported by our optical images and SEM im-
ages, in which the aperture made by the 200 nm beam is
considerably smaller than that made by the 500 nm beam
(Supplementary Figure S3).

It should be noted that increasing the beam current may also
have some deleterious effects. For example, our previous ex-
perience shows that strong beam currents may result in liquid
leaking though the aperture and spreading on the high vacuum
side of the membrane (shown in Figure 4d), which can ruin the
vacuum of the analysis chamber and lead to an automatic shut-

down of the SIMS instrument [14]. The 650 nm Bi+, Bi3
+, and

Bi3
++ beams used in this study led to a similar liquid outflow.

We found that a 500 nm 0.36 pABi3
+ beam is a good choice for

the ionic liquid sample studied here. Under these conditions, a
good signal intensity was obtained while limiting the occur-
rence of unwanted liquid leaking through the aperture to about
one case for every 10–20 measurements.

Bi3
+ or Bi3

++

In agreement with previous reports [28, 30, 35–37], the perfor-
mances of Bi3

+ and Bi3
++ were found to be similar (for exam-

ple, Figure 3d and e). Different pulse widths were, however,
required to obtain similar currents: 160 ns for the Bi3

+ beam
and 250 ns for the Bi3

++ beam at the maximum current. Al-
though only unit-mass resolution can be achieved in our in situ
liquid SIMS measurement currently, a narrow pulse width is
still desirable because the narrow pulse width can reduce peak
overlap (as shown in Figure 3d and e). Therefore, Bi3

+ is better
than Bi3

++ for in situ liquid SIMS study.

Aperture Size

One of the unique capabilities of ToF-SIMS is that it can
provide 3-D ion images. In acquiring 3-D data, a larger aperture
is better because it can provide more spatial information. How-
ever, there is a clear tradeoff here that larger aperture size may
lead to unwanted leaking of the liquid to the vacuum. The
liquid is confined in the aperture because of the liquid’s surface

Figure 4. A schematic illustration of optimization of experi-
mental condition for in situ liquid SIMS analysis. (a) The mon-
atomic Bi+ beam leads to a damaged layer at the sputter inter-
face, which diminishes the formation of secondary molecular
ions. (b) A cluster ion beam (e.g., Bi3

+) leads to limited beam
damage at the sputter interface and molecular ions of reason-
able intensity can be detected. (c) Better signal intensity can be
achieved using an increased incident beam current. (d) How-
ever, if the incident beam current is too strong or the aperture
size is too large, liquid leaks through the aperture, and the
vacuum is ruined
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tension. Smaller aperture size provides higher holding pressure
to confine the liquid in the aperture [12]. If the aperture size
becomes larger, surface tension may not be able to confine the
liquid within the aperture anymore. Our experimental results
show that if we increased the scanned area to 3 μm in diameter,
the chance of liquid leaking to the vacuum greatly increased.
The practical limit to the scanned area is, therefore, approxi-
mately 2 μm in diameter for the ionic liquid sample in this
study.

Signal Improvement of Biofilm and Cell Samples

A schematic illustration of the optimization of experimental
conditions for in situ liquid SIMS analysis is shown in Figure 4.
Based on the previous discussion, a 500 nm 0.36 pABi3

+ beam
scanned on an area 2 μm in diameter is recommended for

general in situ liquid SIMS analysis. This condition has been
successfully used in our recent biofilm and single cell research
[21, 27].

Figure 5 compares the positive and negative ion spectra of a
living biofilm sample using a 200 nm 0.20 pA Bi+ beam (a
typical condition used in our initial papers [11–17]) and a
500 nm 0.36 pA Bi3

+ beam (the optimized condition). For
positive secondary ions signals, a 200 nm 0.20 pA Bi+ beam
provided very few useful signals. For example, in the mass
range m/z 100–300, only Bi+ and PDMS-related signals were
observed. As a comparison, the 500 nm 0.36 pA Bi3

+ beam
provided a clean spectrum with many useful signals, such as
m/z 97, 103, 113, 119, 143, 159, and 175 (peak assignment can
be found in Supplementary Tables S1 and S2), and the inter-
ference from the PDMS-related signals was not a problem. In
addition, all the useful signals were enhanced by at least two
orders of magnitude compared with the 200 nm 0.20 pA Bi+

beam. The negative secondary ion spectrum using the 500 nm
0.36 pA Bi3

+ beam appeared similar to the negative secondary
ion spectrum using the 200 nm 0.20 pA Bi+ beam. However,
the signal intensity of the former also showed a ~ two orders of
magnitude improvement. The above observations suggest that
the application of the new experimental condition is the key to
obtaining useful positive ion spectra in live biofilms. Also, the
negative ion data in our previous publications [11–17] are still
meaningful, and signal intensity can be greatly improved if the
new experimental condition is used.

For cell imaging, characteristic signals from phospholipids
are of great interest. Dipalmitoylphosphatidylcholine (DPPC)
is one of the phospholipid molecules that has been extensively
studied using ToF-SIMS [38–40]. The most characteristic peak
of DPPC is the m/z 184 signal, [C5H15NO4P]

+, which repre-
sents the head group of a DPPC molecule. A positive ion

Figure 5. A comparison of positive and negative ion spectra
from a live Shewanella oneidensis biofilm using optimized con-
dition (a 500 nm 0.36 pA Bi3

+ beam scanned on an area 2 μm in
diameter) and the old condition (a 200 nm 0.20 pA Bi+ beam
scanned on an area 2 μm in diameter) we used in our previous
papers [11–17]. The red arrows point to several representative
signals from the biofilm, and the peak assignment can be seen
in Supplementary Tables S1 and S2. The blue arrows point to
the PDMS or Si related signals. For example, in positive ion
spectra, the m/z 147 signal, Si2C5H15O

+, is a representative
signal of PDMS. In negative ion spectra, the m/z 136/137 sig-
nals are Si2O5

–/Si2O5H
–, and the m/z 197 signal is Si3O7H

–, all
PDMS/SiOx characteristic peaks. In addition, them/z 209 signal
in the positive spectra is Bi+

Figure 6. A comparison of positive ion spectra from a C10 cell
using the condition (a 200 nm 0.20 pA Bi+ beam scanned on an
area 2 μm in diameter) used in our previous publications [11–17]
and the optimized condition (a 500 nm 0.36 pA Bi3

+ beam
scanned on an area 2 μm in diameter). The m/z 184 signal,
[C5H15NO4P]

+, is a representative signal of DPPC; (a) and (b)
old condition; (c) optimized condition
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spectrum of hydrated C10 cell using our previous non-
optimized beam condition is shown in Figure 6a and b, in
which the Bi+ signal (m/z 209) dominates the mass range of
m/z 100–300. Although them/z 184 signal is observable, it may
be too weak to be useful. As a comparison, the spectrum
obtained using the optimized condition provides much im-
proved signals of DPPC. Not only does the m/z 184 signal,
[C5H15NO4P]

+, dominate the spectrum but other characteristic
peaks of DPPC, such as m/z 166 ([C5H13NO3P]

+) and m/z 224
([C8H19NO4P]

+), are clearly observed. The optimized condi-
tions produced an enhancement of two orders of magnitude in
the peak intensity of the m/z 184 signal. Based on the above
observation, it is reasonable to conclude that signal intensity of
positive secondary ions in in situ liquid SIMS analysis of
biological samples is acceptable for further applications.

LiPF6 EC/DMC Electrolyte

The optimized conditions can also be used to analyze other
nonaqueous systems, for example the analysis of a 1.0M LiPF6
EC/DMC electrolyte (Supplementary Figure S4). Very strong
molecular ion signals are observed because of the ionic char-
acter of this sample.

Similar to the other model systems already discussed, beam
damage induced by the Bi3

+ beam was not a problem. In
contrast, serious beam damage was observed when the Bi+

beam was used.
It should be noted that although the optimized conditions

recommended here can be used in a variety of non-aqueous
systems, there is room for further optimization in specific cases.
For example, the liquid leaking through the aperture was more
likely to occur when analyzing the LiPF6 electrolyte. This
situation may be attributed to the low surface tension of the
organic solvents (EC/DMC). Therefore, the SIMS conditions
may need to be tuned accordingly for different liquids using the
principles outlined here.

Mass Resolution

As mentioned before, only unit mass resolution can be
achieved because high spatial resolution mode is used in
in situ liquid SIMS analysis. The detailed reason why
high mass resolution and high spatial resolution cannot
be achieved simultaneously in a traditional ToF-SIMS
instrument is described in Flash S2 in Supplementary
Materials. The low mass resolution may be the next
challenge for extending applications of in situ liquid
SIMS. Recently, several new ToF-SIMS instrumentations
have been developed that can simultaneously provide
high mass resolution and high spatial resolution with
reasonable signal intensity. Two examples are the J105
from IONOPTIKA [41] and the attachment of an
Orbitrap on a ToF-SIMS [42]. The combination of in
situ liquid SIMS with these instrumental advances will
be ideal for investigation of liquid interfaces at the
molecular level.

Conclusions
In situ liquid SIMS is a promising new technique. However, the
initial results suffered from the low signal intensity for molec-
ular and characteristic fragment ion species, especially in the
positive ion mode. In this study, we used four model systems to
optimize the experimental conditions, and successfully im-
proved signal intensities for both positive and negative charac-
teristic secondary ions. A 500 nm 0.36 pA Bi3

+ beam (25 kV)
scanned on an area 2 μm in diameter is recommended for
general in situ liquid SIMS analysis. Beam damage induced
by the 25 keV Bi3

+ beam is not problematic for in situ liquid
SIMS measurement despite the high ion doses that are two to
four orders of magnitude higher than the static limit. The signal
intensities of molecular ions and characteristic fragment ions
improve by about two orders of magnitude compared with our
initial 200 nm Bi+ beam. The optimized condition can be used
to study various aqueous or nonaqueous liquid samples, al-
though there may be room for further improvement because of
variations of surface tensions among different liquids. This
study provides a reliable set of conditions to investigate liquid
interfaces using in situ liquid SIMS.
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