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Nanocrystal-Based Time–Temperature Indicators
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Significant progress has been made over the past decade
in the chemical synthesis of metal nanocrystals with a wide
variety of different shapes.[1] Most of these shapes are not
stable in terms of thermodynamic consideration and are ex-
pected to spontaneously evolve into new forms with lower
surface free energies over different time scales.[2] While this
instability poses a tremendous challenge for the preservation
of nanocrystals with specific shapes in a solution phase, it
also offers a great opportunity to put the nanocrystals to
work for some niche applications. Here we present such an
example, in which the spontaneous rounding of sharp cor-
ners of triangular Ag nanoplates is used to develop a novel
class of colorimetric indicators for the time–temperature his-
tory or magnitude of acceleration. Such time–temperature
indicators can potentially be used for food and medical
products, not only as freshness indicators for visualizing the
end of a product�s shelf-life, but also as environmental trac-
ers for exposing the temperature information during trans-
portation and storage.

We chose triangular Ag nanoplates with relatively sharp
corners as a typical example to demonstrate the concept be-
cause of the ease of synthesis and their well-established op-
tical properties known as localized surface plasmon reso-
nance (LSPR).[3] Specifically, the Ag nanoplate displays a
strong, in-plane dipole resonance mode in the visible region,
whose peak position has been found to be highly sensitive
to the sharpness of the corners.[4] As the corners of the
nanoplate become increasingly rounded, one expects to ob-
serve a gradual but significant blue shift for the resonance
peak position.

The triangular Ag nanoplates can be synthesized by using
a number of methods.[1c,5] In the present work, we prepared
the Ag nanoplates by modifying a seed-mediated proto-

col,[5 h] which involves the reduction of AgNO3 by l-ascorbic
acid in the presence of Ag seeds, poly(vinyl pyrrolidone)
(PVP), and sodium citrate (see Experimental Section for de-
tails). Figure S1 a and b in the Supporting Information show
transmission electron microscopy (TEM) and high-resolu-
tion TEM images of a typical sample. It can be seen that the
nanoplate had a triangular cross section along the direction
perpendicular to the flat surface, with some slight truncation
at the corners. An interesting feature of the Ag nanoplates
is that they tend to stack upon each other face-to-face and
stand vertically on the TEM grids against one of their edges.
From the TEM image, we obtained an average thickness of
approximately 5 nm, with edge lengths varying in the range
of 30–60 nm. The high-resolution TEM image was recorded
from the side face along the [011] direction. The fringe pat-
tern corresponds to a geometrical model, in which the nano-
plate is enclosed by two {111} planes as the top and bottom
faces and by a mix of {100} and {111} planes as the side
faces.[3c,6] The high-resolution TEM image also indicates that
there are {111} twin defects and stacking faults parallel to
the flat faces of the nanoplate.

In the first demonstration, we placed an aqueous suspen-
sion of the triangular nanoplates in a big glass jar, capped it,
and then aged it in a water bath at 80 8C for different peri-
ods of time. Aliquots (3 mL for each) of the solution were
taken from the jar at specific times for taking photographs
and UV/Vis extinction spectra. As shown in Figure 1 a, the
color of the solution changed notably from cyan to blue,
purple, red, and finally yellow over a course of 9 h. Fig-
ure 1 b shows the UV/Vis extinction spectra corresponding
to the samples depicted in Figure 1 a. The in-plane dipole
plasmon peak experienced a blue shift (Dl) of 320 nm (from
770 nm to 450 nm) during the aging process. Despite the
dramatic changes to the in-plane dipole plasmon peak, the
out-of-plane, quadruple plasmon resonance peak at 333 nm
changed very little, indicating that the platelike morphology
was essentially preserved during the thermal aging pro-ACHTUNGTRENNUNGcess.[3c]

Figure 2 shows TEM images of the triangular Ag nano-
plates before and after being aged at 80 8C for different peri-
ods of time up to 9 h. It is clear that the blue shift observed
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for the in-plane dipole plasmon resonance peak is a mani-
festation of the morphological changes occurred to the Ag
nanoplates. Specifically, during the aging process, the sharp
corners of the Ag nanoplates gradually became rounded,
eventually leading to the formation of circular disks. The
histogram shown in Figure S2 summarizes the results of our

statistical analysis of the size distributions of triangular
nanoplates and circular disks. Two distinct populations of
particle sizes are found for the initial, triangular nanoplates.
In addition, these populations remained essentially the same
throughout the aging process. Compared to the original tri-
angular plates, the circular disks had an obvious reduction
in lateral dimensions and an increase in thickness from ap-
proximately 5 nm to 8–9 nm (as revealed by the plates with
a vertical orientation shown in Figure S1 c in the Supporting
Information). These results are consistent with previous ob-
servations briefly reported in the literature.[7]

To fully demonstrate the potential of these Ag nanoplates
as time–temperature indicators (TTIs), we also conducted
the aging process at three other temperatures: 4 8C, 25 8C,
and 47 8C. As shown in Figure 3 a, the aqueous suspensions
of Ag nanoplates exhibited a similar blue shift as a function
of time. Evidently, the rate of shift (nm per day) had a
strong correlation with the temperature: it was dramatically
slowed down as the temperature for aging was reduced. The
different rates of response to temperature should be particu-
larly useful for accurate and sensitive recording of the time–
temperature history of a product. Aside from indicating the
shelf-life of a product, the nanocrystal-based TTIs can also

Figure 1. a) Photograph of the samples after they had been subjected to
aging at 80 8C in air for different periods of time. b) UV/Vis extinction
spectra taken from the corresponding samples shown in a).

Figure 2. TEM images of the triangular Ag nanoplates after they had
been aged at 80 8C for a) 0 h, b) 1 h, c) 4 h, and d) 9 h, respectively. The
sharp corners of the Ag nanoplates were gradually rounded to generate
circular disks with reduced lateral dimensions. Scale bars, 50 nm.

Figure 3. a) Plots of the peak shift as a function of time when the same
batch of triangular Ag nanoplates as in Figure 1 was aged at 4 8C, 25 8C,
and 47 8C, respectively. b) A plot showing the cumulative effect of a com-
bination of three different time–temperature exposures.
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be used to expose the distribution chain of a given product,
including transportation and storage. Figure 3 b shows a plot
of the cumulative effect from a combination of three differ-
ent time–temperature exposures.

Interestingly, the Ag nanoplate-based indicators are also
sensitive to both the magnitude and duration of accelera-
tion. In a typical experiment, we subjected an aqueous sus-
pension of the triangular Ag nanoplates to eight rounds of
centrifugation at 22 000 g (in relative centrifugal force or
RCF) with each round lasting 20 min. We then took an ali-
quot from the supernatant after each round of centrifuga-
tion for UV/Vis spectroscopy measurement. The in-plane
dipole plasmon peak experienced a continuous blue shift
with respect to the rounds of centrifugation. We observed a
total blue shift of approximately 230 nm (see Figure S3 in
the Supporting Information) after eight rounds. The solution
showed color changes after each round of centrifugation,
albeit the change was more dramatic after five rounds.

To demonstrate the effect of acceleration magnitude on
the nanoplates, we conducted two additional sets of experi-
ments at 14 000 g and 7000 g in RCF. As shown in Figure 4 a,

the spectral shift became less significant as the magnitude of
acceleration was reduced. Note that the dependence for
each set of data (22 000 g, 14 000 g, or 7000 g) was not linear
as the round of centrifugation was increased. Rather, the
peak shifted slowly during the first couple of rounds and
then increased quickly until reaching a plateau. Figure 4 b
shows the dependence of peak shift as a function of the
magnitude of acceleration, where the samples were subject-
ed to five rounds of centrifugation before recording the
spectrum. It is clear that the peak was blue-shifted more sig-
nificantly as the magnitude of centrifugation was increased.
TEM images taken from the samples that had been subject-
ed to centrifugation at 22 000 g in RCF show once again a
good correlation between the blue shift and rounding of cor-
ners for the triangular Ag nanoplates (see Figure S4 in the
Supporting Information). The only difference between ther-
mal aging and centrifugation is that some of some of the Ag
nanoplates attached to each other and fused together in the
case of centrifugation.

The corners of the Ag nanoplates could be rounded
through two different mechanisms: oxidative etching and
atomic migration across the surface. During the process of
either aging or centrifugation, oxygen in the medium can
preferentially oxidize the atoms at highly energetic sites
(such as the corners) through reaction (1):

4Ag0 þ O2 þ 2H2O ! 4Agþ þ 4OH� ð1Þ

The resultant Ag+ ions could be reduced and deposited at
less energetic sites of the nanoplate due to the existence of
some residual reductant such as l-ascorbic acid and PVP in
the solution. To examine the role played by oxygen in the
aging process, we monitored the spectral shift as a function
of time for triangular Ag nanoplates (from the same batch
as those used for Figure 1) that were bubbled with Ar at
4 8C, 25 8C, and 47 8C, respectively (see Figure S5 in the Sup-
porting Information). Compared to the experiments con-
ducted under ambient conditions, the extents of peak shift
were only slightly reduced when the samples were bubbled
and protected with Ar. This observation indicates that oxi-
dative etching did not play a significant role in rounding the
corners of Ag nanoplates. Alternatively, the corners were
rounded through direct migration of Ag atoms across the
surface. Furthermore, the fact that the populations of parti-
cle sizes remained the same throughout the aging process
(see Figure S2 in the Supporting Information) is also consis-
tent with the migration mechanism we proposed here. In
this case, direct migration of atoms across the surface of in-
dividual particles would not affect the size populations. In
practice, this mechanism will allow us to use the present
TTIs as sealed samples. It should be pointed out that for
each temperature under Ar protection, the peak shift
tended to reach a plateau after a few days, while it would
keep increasing with time for the case in air. This observa-
tion suggests that oxidative etching is a much slower process
that could be stretched over a longer period of time than

Figure 4. a) Plots of the peak shift as a function of the round of centrifu-
gation at 22 000 g, 14000 g, and 7000 g in RCF. For each round of centri-
fugation, the process lasted 20 min. b) Plots of the peak shift as a func-
tion of RCF. For each RCF, the samples were centrifuged for five rounds
with each round lasting 20 min.

Chem. Eur. J. 2010, 16, 12559 – 12563 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 12561

COMMUNICATIONNanocrystal-Based Time–Temperature Indicators

www.chemeurj.org


atomic migration across the surface. As for centrifugation, it
can accelerate the migration of Ag atoms across the surface
of Ag nanoplates due to the increased shear force, resulting
in a faster shift for the peaks as compared to thermal aging.

To confirm the surface migration mechanism, we deposit-
ed triangular Ag nanoplates on a substrate such as a TEM
grid to prevent the Ag species from moving freely as they
did in an aqueous solution. As shown in Figure S6 in the
Supporting Information, after storage in air for two months,
each triangular Ag nanoplate was transformed into irregu-
larly shaped nanoparticles scattered around the initial site of
the plate. In contrast, when we subjected circular Ag nano-
disks to the same condition, no significant change to the
shape was observed within a period of two months. These
observations suggest that the migration of atoms across the
surface, which is highly dependent on the shape of a nano-
structure, is an intrinsic property of Ag that does not
depend on the solvent or environment. Instead, it highly de-
pends on the shape or morphology of a nanocrystal as sur-
face free energy has a strong correlation with the curvature.

We also estimated the energy involved in the morphologi-
cal change from a triangular plate to a circular disk. Assum-
ing the total volume is conserved during the transformation,
we can use a simple, ideal model to describe this process
(see Figure S7 in the Supporting Information), in which the
effect of solvent or substrate was not considered. The
change in surface energy (DEs) can be presented as given in
Equation (2),

DE ¼ g

ffiffiffi

3
p

2
a2 þ 3ad1 � 2pr2 � 2prd2

 !

ð2Þ

where g is the surface tension of silver [0.72 N m�1] ;[8] a and
d1 are the side length and thickness of the triangular plates;
and r and d2 are the radius and thickness of the circular
disks. This change in surface energy can be broken down
into three major components: kinetic energy (Ek), heat (Eh)
generated by friction during the migration of Ag atoms, and
increased internal energy (DEi, that is, sum of anti-stacking
fault energies) that is located at the newly formed stacking
faults in a circular disk. According to the expressions (see
the Supporting Information for details), these energies can
be estimated as: Ek (�10�39 J) <Eh (�10�30 J) <DEiACHTUNGTRENNUNG(�10�16 J) � DEs (�10�16 J). It can be concluded that the
corner rounding of Ag nanoplates is always accompanied by
an energy transfer from surface energy to internal energy.

In summary, we have demonstrated that the intrinsic in-
stability of nanocrystals can be used to realize a novel appli-
cation. As shown in this work, the “instable” Ag nanoplates
can serve as indicators of time and temperature for various
commercial needs. At the moment, it is still difficult to re-
solve the reaction orders and activation energies involved in
the shape transformation of triangular Ag nanoplates. How-
ever, the intrinsic structural instability and striking color
changes associated with triangular Ag nanoplates make
them particularly useful as a reliable recorder of environ-

mental factors. As compared to other existing commercial
monitoring systems, the nanocrystal-based indicators might
provide a number of merits, including lower cost, easier to
produce, and simpler for detection either by naked eye or a
UV/Vis spectrometer.

Experimental Section

Preparation of Ag seeds : In a typical synthesis of Ag seeds, 11 mL of an
aqueous solution containing 0.11 mm silver nitrate (AgNO3, Aldrich) and
2.05 mm trisodium citrate (Aldrich) was prepared. Under magnetic stir-
ring, an aqueous solution of sodium borohydride (NaBH4, Fisher)
(0.3 mL, 5 mm) was added all at once. Stirring was stopped after 10 min.
The seeds were used after aging for 5 h.

Preparation of triangular Ag nanoplates : The Ag nanoplates were pre-
pared using a seed-mediated procedure with a few modifications.[5 h] In a
typical synthesis, 100 mL of ultrapure water was mixed with aqueous
AgNO3 (2.5 mL, 5 mm), aqueous poly(vinyl pyrrolidone) (PVP, MW
�29,000, Aldrich) (7.5 mL, 0.7 mm), aqueous sodium citrate (7.5 mL,
30 mm), and 0.2 mL of the seed solution, followed by slow dropping into
aqueous l-ascorbic acid (Aldrich) (62.5 mL, 1 mm). Under magnetic stir-
ring, the color of the solution changed gradually during the dropping of
l-ascorbic acid and was finally stable at cyan. The product was directly
used for time-temperature tests without further purification or treatment.

Time–temperature tests : An aqueous suspension of the triangular Ag
nanoplates was placed in a big glass jar (VWR, CAT. NO. 89000–234,
100 mL), capped, and then aged in a water bath at 4, 25, 47, or 80 8C for
different periods of time. Aliquots of the solution were taken out from
the jar at specific time for photographs and UV/Vis extinction spectral
recordings.

Acceleration tests : 1.5 mL centrifugation tubes containing 1.0 mL of
aqueous suspensions of the triangular Ag nanoplates were subjected to
centrifugation for eight rounds at 7000 g, 10500 g, 14000 g, 18 000 g, or
22000 g in RCF with each round lasting 20 min. The centrifugation was
performed in a thermostatic chamber with a constant temperature at
4 8C. After the completion of each round of centrifugation, 0.6 mL of the
supernatant was removed from the tubes and replaced with 0.6 mL of ul-
trapure water. The nanoplates were re-suspended in an aqueous solution.
A photograph was taken for samples after centrifugation for different
rounds (Figure S3a, at 22000 g in RCF), and a UV/Vis extinction spec-
trum was taken for each sample to determine Dl (see Figure S3b in the
Supporting Information).

Characterization of Ag nanoplates by TEM and UV/Vis spectroscopy :
TEM images were captured by using a Phillips 420 microscope operated
at 120 kV. High-resolution TEM images were taken on a JEOL 3000F
high-resolution transmission electron microscope operated at 300 kV. The
samples for TEM studies were prepared by drying a drop of the aqueous
suspension of particles on a piece of carbon-coated copper grid (Ted
Pella, Redding, CA) under ambient conditions. The sample was dried
and stored in a vacuum for TEM characterization. The UV/Vis extinction
spectra were obtained using a Varian Cary 50 UV/Vis spectrophotome-
ter.
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