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f the platinum concentration of
a Pt/silica nanocomposite decorated with ultra
small Pt nanoparticles using single particle
inductively coupled plasma mass spectrometry

András Sápi,a Albert Kéri,b Ildikó Kálomista,b Dorina G. Dobó,a Ákos Szamosvölgyi,a

Koppány L. Juhász,a Ákos Kukovecz,ac Zoltán Kónya ad and Gábor Galbács *b

In this study, the performance of five analytical techniques applicable to the determination of the load

concentration of ultra small nanoparticles in a Pt/SiO2 nanocomposite was critically evaluated. Four of

the techniques (SEM-EDS, TEM imaging, XPS and solution-mode ICP-MS) are often used for the

characterization of nanoparticles, whereas single particle ICP-MS (spICP-MS) is an upcoming, novel

methodology. After experimentally testing and discussing the pros and cons of each analytical technique,

it was found that spICP-MS is one of the most accurate, precise and practical techniques for the analysis

of nanocomposites. This technique works directly with dispersions, the measurement only takes a few

minutes, it gives highly reliable results, largely free from interference from precursor residues and can

also provide additional information about the particles. Although the individual measurement of ultra

small nanoparticles is not yet possible by spICP-MS, the cumulative signal from such load particles in

a nanocomposite allows the accurate determination of the load concentration. The spICP-MS result was

concordant with the result obtained by TEM imaging, whereas SEM-EDS, XPS and solution-mode ICP-

MS strongly overestimated the concentration.
1. Introduction

Novel metal/metal–oxide nanocomposites are in the focus of
intense fundamental research, not only due to their unique
characteristics, but also because of their already found several
industrial uses in the area of medicine, sensors, energy storage,
structural materials or as heterogeneous catalysts for the pro-
cessing of chemicals or environmental pollutants. The reliable
and quick characterization of the synthesized nanomaterials is
obviously crucial both in terms of morphology and structure
and composition. One of the key parameters assessed is the
relative concentration (wt%) of the active metal and the sup-
porting metal–oxide nanoparticle, as this has signicant inu-
ence on the activity, selectivity and performance, as was shown
e.g. in heterogeneous catalysis,1,2 sensors,3 electrochemical4 or
fuel cell5 research. For the determination of the concentration
of the active metallic component, solution-mode inductively
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coupled plasma mass spectrometry (ICP-MS),6–8 scanning elec-
tron microscopy coupled with energy dispersive spectroscopy
(SEM-EDS)9,10 or X-ray photoelectron spectroscopy (XPS)11 is
typically used in the literature.

Single particle, or particle-mode, ICP-MS (spICP-MS) is
a novel nanoparticle (NP) characterization technique, which is
recently gaining increasing attention in the literature owing to
its versatility and high throughput.12–15 In this technique,
sensitive ICP-MS spectrometers are used in the time-resolved
mode for the measurement of dilute nanodispersions (particle
concentrations less than 105 mL�1 are adequate). The nano-
particles get atomized and ionized in the plasma. The signal
from one of the constituting elements is monitored as a func-
tion of time, thus each detected NP will produce a narrow signal
peak (a few hundred ms duration), the height of which is
proportional to the mass of the analyte present in the NP. Aer
the statistical evaluation of the signal time prole and assuming
a spherical NP geometry, information can be obtained about
not only the elemental (isotopic) composition of the NPs, but
also their characteristic size and distribution, as well as the
particle concentration. The measurement is fast (takes only
a couple of minutes) and the required sample volume is very
small. For metallic NPs, size detection limits ranging from 10 to
30 nm and upper detectable size limits around or above a few
hundred nm are typically reported.16–19 This technique is
This journal is © The Royal Society of Chemistry 2017
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nowadays considered to be a faster and more practical alter-
native to other established NP characterization methods such
as SEM or DLS.20

The goal of the present study was to assess the performance
of the novel spICP-MS technique in an application challenging
for this technique: the determination of the concentration of Pt
in a Pt/silica nanocomposite newly synthesized for the purpose
of this study. In this nanocomposite, the active ultra small Pt
NPs are anchored to the surface of the support, the ratio of the
diameter of the two particles is over 200, and the loading is low
(<1 wt%). A critical performance comparison is provided with
other well established NP characterization methods, such as
transmission electron microscopy (TEM), SEM-EDS, solution-
mode ICP-MS and XPS.

2. Experimental section
2.1. Synthesis and morphology of the particles

Synthesis of Stöber silica particles. Silica particles were
prepared through a process based on the Stöber method,28

using tetraethoxysilane (TEOS) as the precursor. The synthesis
was carried out by mixing an ethanolic TEOS solution (17 mL
TEOS dissolved in 200 mL ethanol) and an ethanolic ammonia
solution (100 mL ammonia-solution of 25 wt% concentration
mixed with 70 mL distilled water and 110 mL ethanol). The
obtained dispersion was then stirred for 24 h. The precipitate
was washed and collected by centrifugation and then nally
dried at 60 �C for 12 h. Individual spheres with a size of 449 �
76 nm, as measured by SEM, were obtained, however a small
amount of aggregates of 2–3 spheres was also observed.

Synthesis of ultra small Pt nanoparticles. For the synthesis of
ultra small Pt NPs, 29 mg of PtCl4 and 50 mg of NaOH were
dissolved in two separate portions of 2.5 mL ethylene glycol. The
solutions were then mixed and heated to 160 �C. The temper-
ature of the mixture was held constant for 3 hours under an Ar
atmosphere. Aer cooling, 2.5 mL of a 1 M HCl solution was
added to the black suspension and the resulting NPs were
collected by centrifugation. The NPs were re-dispersed in 10 mL
of 2.1 mg mL�1 polyvinylpyrrolidone (PVP, Mw ¼ 40.000) in
ethanol with ultrasonication. The NPs were nally washed by
repeatedly performing hexane precipitation/ethanol re-
dispersion cycles. The morphology of the Pt NPs was studied
by TEM and they were found to be spherical with a narrow size
distribution (1.6 � 0.5 nm). The electron diffraction pattern
showed the presence of the face-centered cubic (fcc) phase of
the metallic platinum.

Synthesis of Pt nanoparticles. The larger Pt NPs used in the
spICP-MS size calibration process were synthesized by a multi-
step seed-mediated method described by Bigall et al.29 For the
preparation of seed particles, H2PtCl6$6H2O solution (0.2 wt%)
was added to 400 mL boiling distilled water under continuous
stirring. The next step was the addition of a 10 mL solution of
Na-citrate (1%) and citric acid (0.05%) buffer, followed by
homogenization and the addition of 5 mL 0.08% NaBH4 in the
above-mentioned Na-citrate–citric acid buffer. The suspension
was then reuxed for 10 minutes and cooled down to room
temperature. The seed particles produced by using this
This journal is © The Royal Society of Chemistry 2017
procedure were used for the preparation of 20 nm particles via
the further addition of the appropriate amount of H2PtCl6-
$6H2O solution of the Na-citrate–ascorbic acid buffer. During
the preparation of larger particles, the same procedure was used
as mentioned above except that the smaller particles were used
as seeds (e.g. the 20 nm particles seeded the 40 nm particles,
and so on). Finally, the characteristic size of all large NPs was
determined by TEM and dynamic light scattering (DLS). They
were found to have characteristic diameters of 20.1 nm,
40.7 nm, 51.5 nm and 58.2 nm.

Preparation of the Pt/SiO2 nanocomposite particles. The
1.6 nm Pt NPs and the Stöber silica particles were mixed
together in ethanol and sonicated in an ultrasonic bath (40 kHz,
80 W) for 3 hours. The nanocomposite particles were then
collected by centrifugation. The products were washed with
ethanol three times before they were dried at 80 �C overnight.
Beside homogeneously distributed Pt NPs, small islands of
separate particles were also observed by TEM on the surface of
the silica particles. Fig. 1 and its insets show the electron
microscopy images of the 1.6 nm Pt NPs, the silica supported
NPs and the Pt/SiO2 nanocomposite NPs, respectively.
2.2. Instrumentation and data evaluation

The morphology of the pure Pt nanoparticles and Stöber silica,
as well as the Pt/silica nanocomposites, was investigated by
using a TEM (FEI Tecnai G2 20 X-TWIN operating at 200 kV) and
a SEM (Hitachi S-4700 operating at 20 kV, also equipped with
a Röntec energy dispersive spectrometer with a 12 mm working
distance). The crystal structure of the silica was examined by X-
ray Diffraction (XRD, RigakuMiniFlex II Desktop Diffractometer
operating with a Cu Ka source (l ¼ 0.1542 nm) at 30 kV and 15
mA). The density of the particles was measured by the N2 gas
adsorption method using a Quantachrome NOVA 3000e gas
sorption instrument.

The concentration of the Pt nanoparticles anchored onto the
surface of the Stöber silica spheres in the nanocomposite was
determined by using ICP-MS, XPS, SEM-EDSmeasurements and
TEM imaging. The measurement conditions and data evalua-
tion approaches employed are described below in detail.

X-ray photoelectron spectroscopy. X-ray photoelectron
spectra were recorded using a SPECS instrument equipped with
a PHOIBOS 150 MCD 9 hemispherical electron energy analyzer,
using Al Ka radiation (hn ¼ 1486.6 eV). The X-ray gun was
operated at 210 W (14 kV, 15 mA). The analyzer was operated in
the FAT mode, with the pass energy set to 20 eV. The step size
was 25 meV and the collection time in one channel was 250 ms.
Typically, 5–10 scans were added up to acquire a single spec-
trum. Energy referencing was not applied. In all cases the
powder-like samples were evenly laid out on one side of
a double-sided adhesive tape, the other side being attached to
the sample holder of the XPS instrument. The samples were
evacuated at room temperature and then inserted into the
analysis chamber of the XPS instrument.

Solution-mode inductively coupled plasma mass spectrom-
etry. An Agilent Technologies 7700X ICP-MS instrument was
used in all ICP-MS experiments. Sample introduction was
J. Anal. At. Spectrom., 2017, 32, 996–1003 | 997
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Fig. 1 Typical TEM image of the 1.6 nm Pt nanoparticles (A), SEM micrograph of the pristine Stöber silica spheres (B) and TEM image of the Pt
nanoparticles anchored onto the surface of a Stöber silica sphere (C).
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performed by using an Agilent I-AS autosampler and a Micro
Mist pneumatic nebulizer equipped with a Peltier-cooled Scott-
type spray chamber. The sample uptake rate was 400 mL min�1.
The ICP plasma and interface parameters were set up according
to standard conditions (RF forward power: 1550 W, argon
carrier gas ow rate: 1.05 L min�1, sampling depth: 8.0 mm),
and then a ne tuning was performed using solutions supplied
by Agilent (No. G1820-60410) and special attention was paid to
the optimization of the plasma sampling depth. All measure-
ments were performed by monitoring the signal of the 195Pt
isotope. In order to avoid possible interference from HfO in the
multielement solution standard used for calibration, the
measurements were performed in He mode of the collision cell.
It is also worth considering that even if the HfO interference
would increase the Pt signals due to the Hf content of the
solution standard, it could only cause a negative error in the Pt
concentration result, since the samples contain no Hf. The
labware (PE autosampler vials, certied PMP volumetric asks,
etc.) was thoroughly cleaned before use with dilute ultratrace
quality hydrochloric and nitric acid. The sample preparation
procedure was optimized for the complete dissolution of the Pt
content of the nanocomposite. Several sample dissolution
approaches of stepwisely increasing aggressivity and duration
(direct dispersion in water, 30 min sonication in water, 30 min
sonication in HCl, and 30 min digestion at 130 �C in 3 : 1 HCl–
HNO3) were tested and the one producing the highest Pt
concentration measurable by solution-mode ICP-MS analysis
was chosen as the optimal one (digestion in boiling 3 : 1 HCl–
HNO3). A further increase in the duration of acid treatment
(from 30 min to 120 min) resulted in no further signicant
increase in the Pt concentration measured.

Particle-mode inductively coupled plasma mass spectrom-
etry. For spICP-MS measurements, the ICP-MS instrument was
set up as described above for solution-mode measurements,
except that the data acquisition soware was used in Time
Resolved Analysis (TRA) mode, with the integration time set to
10 ms. This relatively long dwell time was chosen in consider-
ation of the large (ca. 450 nm) silica carrier nanoparticle,
thereby ensuring that the complete Pt signal peak produced by
each nanocomposite particle is collected. All nanodispersions
were diluted to less than 104 mL�1 particle concentration, a ten
998 | J. Anal. At. Spectrom., 2017, 32, 996–1003
times lower value than typical in spICP-MS, in order to
completely avoid any NP signal peak overlaps. Data evaluation
in spICP-MS was performed on the histograms (frequency-
count diagrams) produced from the time-resolved signal
traces, as described in ref. 15. Data processing was performed
using Agilent MassHunter (Santa Clara, California, USA) and
OriginLab Origin (Northampton, Massachusetts, USA) soware.

Transmission electron microscopy imaging. The Pt concen-
tration of the nanocomposite was determined by this method
via the counting of the load particles on the surface of the
support particles. TEM measurement conditions were as
described earlier. Since only a portion of the surface of the large
silica support particles could be observed in all micrographs
due to the large magnication required for the counting of the
ultra small load particles, a simple geometric calculation was
performed to extrapolate the data. The radius of all nano-
composite spheres (R) processed was calculated aer aligning
an arc in the TEM image processing soware (ImageJ) to the
edge of the circular projection of each individual spheres on the
micrographs. Next, a circular segment with a height of h was
marked on the circular projection of each sphere by drawing
a chord through two separate, distant points on the edge of
projection; the area of the corresponding spherical cap can then
be calculated by using the formula of Acap ¼ Rph. The number
of Pt NPs within the area of the spherical cap is two times the
number of countable particles on the circular segment (N). The
total number of NPs on the surface of a silica sphere can then be
estimated by ratioing the two areas:

Ntotal ¼ Asphere

Acap

2N ¼ 4R2p

Rph
2N ¼ 8RN

h

Using the density data of platinum (rPt) and silica (rsilica), as
well as the radius of the Pt NPs (r), the concentration was nally
calculated according to the formula

conc: ¼ rPtVPt

rPtVPt þ rsilicaVsilica

¼
rPtNtotal

4r3p

3

rPtNtotal

4r3p

3
þ rsilica

4R3p

3

This journal is © The Royal Society of Chemistry 2017
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Scanning electron microscopy coupled with energy disper-
sive spectroscopy. The parameters of the SEM instrumentation
used here were described earlier in this section. The powder
sample was xed on a carbon tape attached to the surface of an
alumina sample holder. The distance of the detector was 30 mm
and the working distance was 12 mm during the measurements.
The Si dri detector was equipped with a Be window and placed
at an angle of 30�. The accelerating voltage was 20 kV, the sample
current was 10 mA and a 100 mm size aperture was used. All EDS
data were recorded for 20 minutes on each spot. The Pt concen-
tration was calculated using the Si Ka and the Pt La signals.
2.3. Chemicals

All chemicals used in the synthesis experiments (tetraethox-
ysilane, ethanol, ammonia, PtCl4, ethylene glycol, poly-
vinylpyrrolidone, H2PtCl6$6H2O, Na-citrate, citric acid, NaBH4,
and ascorbic acid) were of analytical grade or better quality.
Dilution of all solutions and dispersions was carried out with
class I (trace analytical) quality deionized water from a VWR
Puranity TU 6 UV/UF device. The cleaning of ICP-MS labware, as
well as the acid dissolution of Pt NPs anchored to the silica
particles solutions, was carried out by using the solution
prepared from ultratrace quality nitric (67 wt%) and hydro-
chloric (37 wt%) acids (Ultrapure Normatom, VWR). ICP-MS
solution calibration standards were prepared from a certied,
multielement stock solution (No. 8500-6948, Agilent Technolo-
gies). The argon (99.996%) technical gas used was obtained
from Messer (Hungary).
3. Results and discussion
3.1. Single particle ICP-MS measurements

The direct, individual measurement of the ultra small Pt NPs
anchored onto the surface of the silica particles is not possible
by spICP-MS due to the insufficient sensitivity of present day
ICP-MS instruments (typical size detection limits for metallic
NPs are between 10 and 30 nm). The signal pulse from each
individual Pt NPs present in a single nanocomposite particle
will add up and produce one Pt signal peak per nanocomposite.
Now we would like to point out that this cumulative signal can
be used for the quantitation of Pt in the nanocomposite, if the
Pt concentration is “large” enough. Our calculations show that
if the concentration of Pt is over 0.01–0.02 wt% in the nano-
composite, then the cumulative Pt signal should be well
detectable by ICP-MS. Aer a size calibration of the spICP-MS
using Pt particle standards, the detected cumulative peak
intensity can be converted to the diameter value of an “equiv-
alent” Pt NP and then the mass of Pt present in each nano-
composite particle can be calculated (Fig. 2).

We would also like to support the feasibility of the above
proposal in the present application by adding two comments.
First, spICP-MSmeasurements have already been shown to have
an excellent repeatability (precision) due to the fact that the
characteristic signal (mode of the signal histogram) is based on
the measurement of more than ten thousand particles. Better
than 1% RSD values can be achieved even when characteristic
This journal is © The Royal Society of Chemistry 2017
pulse intensities as small as 1–10 counts are measured.15,21 This
feature allows the accurate and precise measurement of small
analyte signals. Second, some considerations can also be given
to the fact that in the present challenging application, the
supporting silica particles are quite large, near to or even over
the dynamic range of spICP-MS,16,22 thus a complete ionization
of the silica particles may not be achieved in the plasma. Note
that however even if the ionization of the support particles
would be less than 100%, the Pt NPs anchored onto the surface
will surely get completely ionized as the atomization and ioni-
zation of the nanocomposite starts on its surface and progresses
inwards during the residence of the particle in the plasma.

The above-mentioned concept was successfully tested with
the measurement of the present Pt/SiO2 nanocomposite, as can
be seen in Fig. 3. Aer optimizing ICP-MS conditions with
special attention paid to the plasma sampling depth,23 size
calibration was carried out (Fig. 3b) using the large Pt NPs
prepared for this purpose (as described in Section 2.1). Aer
evaluating the data using the three sigma methodology,19,24 we
established that the Pt size detection limit is 17.2 nm.

Fig. 3a shows that the lognormal Pt NP peak in the signal
histogram is well resolved from the background peak (caused by
the spectral background and any residual dissolved Pt). The
lognormal t is of good quality and is based on the analysis of
thousands of nanocomposite particles. The mode of the particle
peak (characteristic NP signal) was found to be equivalent to the
signal from a 20.4 nm diameter spherical Pt particle. Knowing
the size and density of both the support and the load particles,
the Pt wt% concentration was calculated. This calculation
produced a value of 0.0966 wt%, with a standard deviation of
0.0025 based on three repeated measurements.
3.2. Discussion of the accuracy of Pt concentration data

In addition to spICP-MS, the determination of the concentra-
tion of the Pt nanoparticles on the surface of the silica support
was also carried out by four other analytical methods, namely
solution-mode ICP-MS, SEM-EDS, TEM and XPS. The obtained
results can be seen from Table 1. Three parallel measurements
were performed with every method in order to calculate the
standard deviation.

As it can be seen from the table, the concentration results are
signicantly different. TEM and spICP-MS results agree
reasonably well, but the concentrations provided by the other
three methods are several times higher. In view of these
differences, it is benecial to review the theoretical limitations
of each individual analytical method in this application.

The analysis by the TEM imaging method is fairly simple to
execute and requires only a small amount of solid sample. It is
also very sensitive as very small (even sub nm) NPs can be
counted. At the same time, the calculation relies on a number of
extrapolations and preconditions including the following: (a)
due to the large magnication needed to resolve the ultra small
load NPs, only a portion of the total surface of the support
particle is imaged, (b) the surface coverage is assumed to be the
same on all sides of the support particle, (c) the surface coverage
should not be too large to avoid clustering, (d) the NPs found on
J. Anal. At. Spectrom., 2017, 32, 996–1003 | 999
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Fig. 2 Left panel: schematic illustration of the decomposition and ionization process that a nanocomposite particle undergoes in the ICP plasma
(deep blue: solid silica particle, light blue: Si and O ion cloud, deep red: surfacial solid Pt NPs, light red: Pt ion cloud). Right panel: if the
concentration is large enough, the ultra small Pt NPs produce a cumulative signal, equivalent to that of a detectable larger NP.

Fig. 3 195Pt spICP-MS signal histogram recorded for the Pt/SiO2 nanocomposite (left panel). Please note that the lognormal NP signal peak is
well separated from the solution background signal. The characteristic intensity of the NP peak in the histogram corresponds to an equivalent NP
size of 20.4 nm in the spICP-MS size calibration curve obtained with pure Pt NPs (right panel).
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the surface can only be assumed to be of the quality hoped (here:
Pt), since there is no direct information about the composition of
the load NPs, and (e) the load NPs are assumed to be completely
spherical, which is an assumption that rarely holds for very small
NPs. In addition to this, the sample preparation/vacuum intro-
duction as well as the processing of some dozens of images (the
maximum in routine TEM practice) requires a considerable
amount of time (hours). A bonus of the approach is that TEM
also provides morphological information and can be universally
applied to just any active NPs (at least under ultra clean condi-
tions, so that assumption (d) can hold). Overall, the TEM
imaging analysis is lengthy, and can provide a concentration
Table 1 Concentration of the Pt nanoparticles in the Pt/SiO2 nano-
composites determined by the five techniques. Standard deviation
values are based on three parallel measurements

Technique
Pt concentration
(wt%) Standard deviation

Particle-mode ICP-MS 0.0966 0.0025
TEM 0.0824 0.0261
Solution-mode ICP-MS 0.2821 0.0030
SEM-EDS 0.4400 0.0152
XPS 0.7173 0.2867

1000 | J. Anal. At. Spectrom., 2017, 32, 996–1003
result that is fairly accurate, but not very precise (e.g. consider
that the TEM result in Table 1 also has an RSD of over 30%).

spICP-MS requires a very small amount of dispersion for the
analysis. The measurement is fast and simple, and usually takes
only ca. 5 minutes, although it also requires the availability and
measurement of size calibration samples (Pt). The nano-
composite particles decompose in the ICP plasma and the Pt
signals from the particles and from the precursor residues
(solution background) are clearly differentiated, therefore the
quantitative result is accurate and gives the true,
nanocomposite-related Pt concentration. This is so because the
dissolved analyte content of nanodispersions gives a peak
following the Poisson function in the TRA histogram, whereas
NPs give a separate peak that follows the lognormal statis-
tics.16,24 This can help in avoiding large inaccuracies in quan-
titative NP analysis. The analysis is also very precise, since it is
based on the measurement of thousands of particles. The
spICP-MS result obtained in the present study agrees well with
the TEM result, and it is also the most precise one out of the ve
methods tested. A further benet of spICP-MS analysis is that
the technique is also capable of delivering a number of addi-
tional, valuable information about the dispersion sample, such
as the number concentration and purity of the particles, as well
as the presence of precursor residues.
This journal is © The Royal Society of Chemistry 2017
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Under the conditions used (e.g. acceleration voltage, working
distance, angle of the detector, atomic mass etc.) the SEM-EDS
technique has a 5–7 mm information depth according to the
Castaing's formula.25 Usually, the matrix correction (ZAF
correction) is needed for the exact concentration determination
due to the fact that the number of X-ray photons counted at the
detector depends on the atomic number of the elements, the
adsorption of the X-rays and the uorescence effect. The
sensitivity of SEM-EDS analysis is mediocre; the limit of detec-
tion values is around a few thousand ppm (e.g. 0.2–0.3 wt%),26

meaning that in the present application, the technique was
operated around its limit of detection. In addition to this, the
accuracy is best if the sample has a smooth, polished surface
(e.g. bulk sample), but in the case of particulate samples, the
signal contribution from the “top” and “bottom” surfaces of the
particles will not be the same, thus SEM-EDS requires a very
careful calibration for quantitative measurements. Conse-
quently, accurate results under routine conditions cannot be
expected; here we found that the Pt content reported by SEM-
EDS is ca. four times higher than the result from TEM
imaging calculations. The best spatial resolution of EDS is
about 1 mm, which might allow for the individual analysis of
each Pt/SiO2 nanocomposite if the particles are well separated
on the substrate, but in order to have a larger analytical signal,
typically larger apertures are used (we used 100 mm). This brings
about the problem of potential interference from precursor
residues which can contaminate the substrate in areas between
the nanocomposite particles during sample preparation. This
effect can result in a signicant positive bias in the SEM-EDS
results. SEM-EDS requires only a very small amount of solid
sample for the analysis. The analysis time is long ($one hour),
similar to TEM imaging, considering sample preparation,
vacuum introduction and the need for longer exposition times
when working at low concentrations, as well as the complicated
data processing. In summary, SEM-EDS is not very suitable for
the accurate analysis of nanocomposites with large support
particles and/or low loadings.

XPS is a truly surface analytical technique; its information
depth is about 10 nm only. It is somewhat more sensitive than
SEM-EDS (a factor of 2–3), but the spatial resolution is poorer
(some tens of mm).26 This again permits interference from
precursor residues on the substrate, which may result in
a positive error in quantitative measurements. Due to its
shallow information depth and because of geometric condi-
tions, XPS is not able to detect the majority of the mass of the
support particle, which causes a strong overestimation of the
wt% Pt concentration. This can explain the nearly 9 times
higher XPS result compared to TEM. The precision was also
found to be poor, as much as 40% RSD. The analysis time is
comparable to that of TEM or SEM-EDS ($one hour).

Solution-mode ICP-MS is a very sensitive technique. Its ng
L�1 (ppt) level limit of detection values allow the measurement
of 0.01 wt% loadings or less, depending on the elements
(isotopes) to be detected. Almost all elements in the periodic
system, with the exception of a few nonmetallic elements, can
be measured.27 Nevertheless, ICP-MS requires the introduction
of solution samples, therefore extensive chemical sample
1002 | J. Anal. At. Spectrom., 2017, 32, 996–1003
preparation (e.g. pressure or sonication assisted acid dissolu-
tion, etc.) is involved in the measurement. This makes the
analysis time long (hours), especially if the dissolution proce-
dure also needs to be developed specically for the nano-
composites, and also increases the required solid
nanocomposite sample amount to the mg level (an amount that
can be accurately weighed and handled). The preparation and
measurement of solution calibration samples is also needed,
which again adds extra time to the analysis, but the quantitative
results will also be more accurate this way. It has to be
mentioned that solution-mode ICP-MS measurements are also
prone to interference, the most severe here being the interfer-
ence from precursor residues and dissolution reagent contami-
nants. These effects can give rise to a signicant positive error in
the result of the determination. In the present application,
solution ICP-MS gave a Pt concentration result that is nearly
three times higher than the TEM result, in spite of the ultra trace
analytical conditions used. The precision was excellent, about
1% RSD.

Table 2 summarizes some features of the ve analytical
methods tested relevant in this application.

4. Conclusions

Five analytical techniques were tested in the application of the
determination of the Pt concentration in a novel Pt/SiO2 nano-
composite (Stöber silica particles decorated with ultra small,
1.6 nm diameter, Pt NPs). Four of these analytical methods
(SEM-EDS, TEM imaging, XPS and solution-mode ICP-MS) are
well established methods oen used for the characterization of
nanoparticles. The h method, single particle ICP-MS, is
a novel, upcoming technique, which has not yet been tested
earlier in the literature for nanocomposite characterization.

Aer performing repeated analyses on the as-synthesized
nanocomposite and discussing the limitations of the accuracy
of each method, we found that spICP-MS has an excellent
potential in nanocomposite characterization. The spICP-MS
analysis is fast; it requires only a small amount of sample,
largely free from interference and gives accurate and precise
results that agree well with the results from TEM imaging
analysis. We would like to emphasize that a great benet of
using spICP-MS over the classical solution-mode ICP-MS for the
quantitative analysis of nanodispersions is that spICP-MS can
differentiate between the analyte contents present in ionic
(dissolved) form and in particle form. This can help in avoiding
large inaccuracies in quantitative NP analysis. We also success-
fully demonstrated, for the rst time in the literature, that the
cumulated spICP-MS signal from ultra small, individually not
detectable NPs present on the surface of a nanocomposite allows
accurate quantitation. Our results indicate that a careful choice
of the measurement technique has to be made when deter-
mining the load concentration in nanocomposites.
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28 W. Stöber and A. Fink, J. Colloid Interface Sci., 1968, 26, 62–
69.

29 N. C. Bigall and A. Eychmüller, Philos. Trans. R. Soc. London,
2010, 368, 1385–1404.
J. Anal. At. Spectrom., 2017, 32, 996–1003 | 1003

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ja00039a

	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry

	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry

	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry
	Determination of the platinum concentration of a Pt/silica nanocomposite decorated with ultra small Pt nanoparticles using single particle inductively coupled plasma mass spectrometry


