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Temperature is a key factor in material science as it inuences the state and properties of matter. To study the eects of temperature on nanomaterials, temperature controlled in situ transmission electron microscopy (TEM) is a powerful technique. It has been successfully applied for years to study the eects of heat stimuli on the states and properties of matter during solid-solid, solid-liquid and solid-gas interactions [START_REF] Saka | In situ heating transmission electron microscopy[END_REF]. For a successful in situ heating TEM experiment, one needs specimen holders than can reach high temperatures without compromising neither thermal nor mechanical stability. In this context, electrically-powered microelectromechanical (MEMS)-based systems have over recent years emerged as ecient sample carriers and high-temperature heaters for in situ heating TEM [START_REF] Creemer | Atomic-scale electron microscopy at ambient pressure[END_REF][START_REF] Allard | A new mems-based system for ultra-high-resolution imaging at elevated temperatures[END_REF][START_REF] Spruit | A review on development and optimization of microheaters for hightemperature in situ studies[END_REF]. These microheaters having compact design with reduced thermal mass (which minimises sample drift), limited power consumption and fast response, enable real-time imaging of the atomic structure of nanomaterials at elevated temperatures in vacuum and ultimately, during their interaction with gases or liquids [START_REF] Creemer | Atomic-scale electron microscopy at ambient pressure[END_REF][START_REF] Allard | Novel mems-based gas-cell/heating specimen holder provides advanced imaging capabilities for in situ reaction studies[END_REF][START_REF] Wu | Advances in sealed liquid cells for in-situ tem electrochemial investigation of lithium-ion battery[END_REF][START_REF] Wu | In situ environmental tem in imaging gas and liquid phase chemical reactions for materials research[END_REF][START_REF] Wittig | In situ investigation of ordering phase transformations in fept magnetic nanoparticles[END_REF][START_REF] Zhang | In situ tem studies of the shape evolution of pd nanocrystals under oxygen and hydrogen environments at atmospheric pressure[END_REF][START_REF] Jiang | Recent advances in gas-involved in situ studies via transmission electron microscopy[END_REF].

To unambiguously establish temperature-structure-property relationships from temperature controlled in situ TEM observations, it is crucial that the local temperature of the sample under observation is known with high accuracy at all times. When MEMS-based microheaters are used, the local sample temperature is not exactly known. It is usually considered equal to an average setpoint temperature determined from ex situ calibration of the heater in vacuum prior to in situ investigation [START_REF] Allard | A new mems-based system for ultra-high-resolution imaging at elevated temperatures[END_REF]. Accessing the actual sample temperatures during an in situ TEM experiment remains a challenging task as this requires thermometry methods that can operate down to the microand nanoscales. For measuring accurately temperatures at such scales, various high spatial resolution thermometry methods are being implemented in dierent areas of research [START_REF] Brites | Thermometry at the nanoscale[END_REF]. For instance, infrared thermography based on Planck blackbody emission with a spatial resolution of 10 microns, and temperature resolution of 0.1 K has been developed in medicine to detect cancer cells [START_REF] Lahiri | Medical applications of infrared thermography: A review[END_REF]. However, due to limited space at the sample location in a TEM column, it is not possible to deploy these micro-and nanoscale thermometry methods in electron microscopy. The space limitation is even more severe when MEMS-based nanoreactors are used due to the higher spatial connement of both the reactive environment and sample. Despite these limitations, successful strategies have been devised lately for determining the sample temperature at the nanoscale during temperature controlled in situ TEM.

A rst strategy is based on TEM imaging of standard phase transitions in an ensemble of metal islands or nanoparticles with well-established transition temperatures. For instance, Begtrup et al. studied the onset of melting and evaporation of small gold NPs to map the temperature gradient over a nanoscale thermal platform operating at elevated temperatures in a TEM [START_REF] Begtrup | Probing nanoscale solids at thermal extremes[END_REF]. Absolute values of the local temperature were determined from nite element analyses adjusted to experimental TEM observations. Using a similar approach, Britlinger et al. achieved nanoscale temperature mapping over a large eld of view by tracking the change in TEM contrast in indium metal islands during their reversible liquid/solid phase transition [14]. The indium probes act as binary thermometers since temperatures could only be mapped above or below the transition temperature close to the melting point of bulk indium (156.6 °C). The main drawback of such approaches based on the study of phase transitions in metals is that the local temperature is accessible over a limited range only, around the transition temperatures considered.

To access the local sample temperature over a wide temperature range with high accuracy, dierent thermometric methods using electron-based spectroscopies have been proposed lately. For example, in thermally controlled in situ gas TEM using MEMS-based nanoreactors, Vandelbo et al.

showed that the local temperature in the microheater area could be deduced by monitoring the change in the density of the reacting gas with temperature using electron energy loss spectroscopy (EELS) [START_REF] Vendelbo | Method for local temperature measurement in a nanoreactor for in situ high-resolution electron microscopy[END_REF]. More specically, by combining quantitative EELS to determine the local gas density and the ideal gas law relating gas density and temperature, they successfully measured the temperature gradients in a nanoreactor operating with 900 Torr of static H 2 at temperatures up to about 600 °C. Recently, using a combination of electron energy loss and gain spectroscopies to study the temperatureinduced phonon frequency shifts in boron nitride akes, Idrobo et al. have been able to measure with nanoscale resolution the local temperature from room temperature up to about 1300 °C of a MEMS-based heating platform [START_REF] Idrobo | Temperature measurement by a nanoscale electron probe using energy gain and loss spectroscopy[END_REF]. For metals with Drude-like behaviour such as aluminium, it has been shown that the temperature dependence of the volume plasmon is explained quantitatively by the volume expansion of the material [START_REF] Abe | Temperature-dependence of the volume-plasmon energy in aluminum[END_REF]. In this case, the temperature dependence of Al volume plasmon energy combined with the free electron model can be used to determine sample temperatures at the nanoscale [START_REF] Mecklenburg | Nanoscale temperature mapping in operating microelectronic devices[END_REF][START_REF] Mecklenburg | Aluminum nanoparticles as ducials for nanoscale temperature measurements[END_REF][START_REF] Miller | Local in situ temperature measurements from aluminum nanoparticles[END_REF]. In [START_REF] Mecklenburg | Nanoscale temperature mapping in operating microelectronic devices[END_REF], by monitoring the shift in the plasmon energy with temperature using low loss EELS, Mecklenburg et al. successfully mapped the temperature gradients (ranging from room temperature to 200 °C) over dierent serpentine aluminium devices with an accuracy better than 10 %.

In the present work, we have used aluminium plasmon-based thermometry technique to measure the local temperatures across the heater region of MEMS-based gas nanoreactors operated between room temperature and 550 °C. Solid Al nanospheres are used as nanoscale temperature probe. The temperature-dependence of their volume plasmon necessary for local temperature determination isobtained from spatially-and time-resolved EELS measurements performed at single particle level. We demonstrate the directness and versatility of our approach by studying the temperature uniformity and stability in the heater region of a gas nanoreactor operating in vacuum and another one in static H 2 . To our knowledge, the application of Al plasmon nanothermometry to measure temperature under gas conditions is new.

Materials and Methods

Temperature dependence of aluminium volume plasmon

In this section, we rst establish the dependence with temperature of the volume plasmon energy of aluminium (metal with free electron behaviour) as a result of its volume expansion. Second, with this dependence known and by tting the experimental linear thermal expansion data for aluminium, we determine the temperature-dependence of the Al volume plasmon energy according to the free electron model.

Aluminium is a very good metal with a high density of free electrons. It has three electrons per atom in its conduction band and exhibits a Drude-like behaviour except around 800 nm (≈ 1.55 eV) due to an intraband transition [START_REF] Gerard | Aluminium plasmonics[END_REF]. According to the free electron model, the energy E p necessary to excite its volume plasmon is given by [START_REF] Raether | Surface-plasmons on smooth and rough surfaces and on gratings[END_REF] (in SI units):

E p (T ) = ω p = n(T )e 2 m 0 (1) 
where is the reduced Planck constant, ω p is the plasmon angular frequency, n(T ) is the temperature-dependent density of valence electrons with charge e and mass m and 0 is the vacuum dielectric constant of aluminium. The density of valence electrons n(T ) varies with temperature as a result of the thermal expansion of the metal lattice. Let [α v (T)] be the second-rank thermal expansion tensor of aluminium. The latter having cubic structure, [α v (T)] is isotropic. Therefore, the relative variation of the volume ∆V V , due to change ∆T in temperature, is given by:

∆V V = 3α l ∆T (2) 
where α l is the linear thermal expansion coecient of aluminium.

The density of valence electrons n(T ) at a given temperature T with respect to a reference temperature T 0 is thus expressed as:

n(T ) ≈ n(T 0 )[1 -3f (T )] (3) 
where

f (T ) = T T 0 α l (T )dT
Combining equations ( 1) and ( 3), we obtain the expression of the volume plasmon of the metal as a function of temperature :

E p (T ) ≈ E p (T 0 ) 1 - 3 2 f (T ) (4) 
To evaluate E p (T ) at any temperature, we rst establish an approximate expression for f (T ). For that, we start by tting a polynomial of degree 2 to the experimental data of Al linear expansion coecient from [START_REF] Wilson | The thermal expansion of aluminium : Further experiments[END_REF]. Fig. 1 shows the experimentally available data of Al linear expansion coecient and the polynomial t given by the parametrized model After least-squares minimization between 24 and 600 °C, the values of the coecients of the t are : α 0 = 2.299 ± 0.016 × 10 -5 °C-1 , α 1 = 1.63 ± 0.13

α l (T ) = α 0 + α 1 (T - T 0 ) + α 2 (T -T 0 ) 2 .
× 10 -8 °C-2 and α 2 = 8.2 ± 2.3 × 10 -12 °C-3 .
After integration of the approximated function of α l (T ) between T and T 0 = 24 °C, f (T ) simplies to :

f (T ) ≈ α 0 (T -T 0 ) + α 1 2 (T -T 0 ) 2 + α 2 3 (T -T 0 ) 3 (5) 
and nally, E p (T ) can be computed for any temperature between 24 and 600 °C according to equation ( 4). The insert of Fig. 1 shows the energy shift of Al volume plasmon with temperature within the free electron model over the considered temperature range. The reference volume plasmon energy at T 0 = 24 °C, taken from [START_REF] Abe | Temperature-dependence of the volume-plasmon energy in aluminum[END_REF], is equal to E p = 15.230 ± 0.019 eV. According to the free electron model, the volume plasmon redshifts non-linearly with temperature. The redshift is equal to about 0.45 eV when the temperature of solid Al is raised from room temperature to 600 °C. It should be noted that due to the uncertainty on the reference Al volume plasmon energy used, a linear t of the Al linear expansion coecient would have been sucient

to establish the temperature dependence of Al volume plasmon.

Experimental details

The gas nanoreactors used in this work are provided by Protochips Inc [START_REF] Allard | A new mems-based system for ultra-high-resolution imaging at elevated temperatures[END_REF][START_REF] Allard | Novel mems-based gas-cell/heating specimen holder provides advanced imaging capabilities for in situ reaction studies[END_REF]. experiments. The energy of the volume plasmon of the nanospheres for local temperature determination using Eq.( 4) were measured at single particle level using spatially and time-resolved low-loss electron energy spectroscopy (STEM-EELS). STEM-EELS analyses were performed with a JEOL ARM 200F TEM equipped with an aberration corrector of the objective lens and a cold FEG electron source operated here at 200 kV [START_REF] Ricolleau | Performances of an 80-200 kv microscope employing a cold-feg and an aberration-corrected objective lens[END_REF]. EELS data were acquired with sub-nm resolution (probe size setting 6C) and collected using a GIF Quantum ER spectrometer. The convergence and collection semi-angles were equal to 12 and 25 mrad respectively. On a JEOL ARM 200F TEM without probe correction operated at 200 kV (C s = 0.5 mm), the lens setting 6C with a convergence semi-angle of 12 mrad corresponds to a probe size of about 1.5 Å(based on STEM probe simulation with QSTEM [START_REF] Koch | Determination of core structure periodicity and density along dislocations[END_REF]). This probe size enables EEL data to be acquired with enough signal to noise ratio at aluminium volume plasmon while at the same time, substantially limiting beam-induced damage to the Al nanospheres while acquiring the EELS time series at their center. For precise tracking of the shifts in Al volume plasmon energy as a function of temperature and gas conditions, the energy dispersion of the spectrometer was set to 0.01 eV/pixel and we collected time series of EELS data spectra at each point of analysis. Typically, 100 spectra were acquired per serie with an acquisition time of 5 ms per spectrum. After acquisition, the EEL spectra in each time serie were aligned with each other to correct any residual instabilities of the spectrometer and its environment which would otherwise compromise the determination of Al plasmon energies.

Results and Discussion

Fig. 2a shows a temperature serie of EEL spectra at the volume plasmon peak of a Al NP heated in vacuum at dierent setpoint temperatures between 100 and 500 °C. with thickness about 4 nm and that while the core lattice expanded under tension at room temperature, it undergoes a free thermal expansion with no constraint above 300 °C [START_REF] Firmansyah | Microstructural behavior of the alumina shell and aluminum core before and after melting of aluminum nanoparticles[END_REF]. More generally, for Al NPs in the micrometer and nanometer range, the thermal expansion of the metallic core is not affected by the alumina shell as long as the thiskness of the latter is 3 ± 2 nm [START_REF] Runo | Structural changes and thermal properties of aluminium microand nano-powders[END_REF]. Consequently, the discrepancies observed between the expected plasmon energies and the measured ones in vacuum (and under H 2 hereafter) are not attributable to the presence of oxide layers at the surface of the probed NPs. We strongly believe that these discrepancies directly result from the dierences between setpoint and local temperatures of the heating E-chips. In order to determine the temperature stability of the SiN support, we have probed the stability of the volume plasmon energy of a single NP heated in vacuum at 200 °C setpoint temperature (where the average local and setpoint temperatures match as shown in Fig. 3). Fig. 5 shows EEL spectra acquired at a reference time t 0 (which is a few seconds after reaching the setpoint temperature) and 10 and 30 minutes later. At t 0 , the volume plasmon is equal to 15.13 ± 0.01 eV. This energy corresponds to a local temperature equal to 200 °C, i.e. the setpoint temperature. Subsequent EELS measurements of the particle plasmon energy after 10 and 30 minutes clearly shows that the local temperature is perfectly stable during the time period considered as no detectable plasmon shifts among the spectra are observed. [START_REF] Winterstein | Temperature calibration for in situ environmental transmission electron microscopy experiments[END_REF]. Indeed, in this case, due to important convective heat transfers between the heater and owing gas, a gas pressure of the order of 150 Pa is enough to produce a drop in sample temperature of the order of a few hundred degrees Celsius. In the present work, the temperature drop upon H 2 gas ow has not been assessed but it is expected to be higher than the ones measured with static gas environments.

However, we expect such temperature drops in the presence of a gas environment will be mitigated when closed loop temperature control of the SiC heater is activated. the second highest thermal conductivity (after helium) among the common gases [START_REF]Thermal conductivity of gases[END_REF], these measurements enable to quantify the temperature drop upon introduction of a static gas environment in the nanoreactor in the worst case scenario.

Conclusions

In summary, we have used Al plasmon nanothermometry for local temperature measurement up to 550 °C in in situ temperature controlled TEM. Accessing these discrepancies at the nanoscale is of paramount importance for the reliable interpretation of in situ TEM experiments with temperature as a parameter.

Figure 1 :

 1 Figure 1: Polynomial t of the Al linear expansion coecient α l between 24 and 600 °C.The experimental data points [•] are extracted from[START_REF] Wilson | The thermal expansion of aluminium : Further experiments[END_REF]. The best-t polynomial of degree two is shown in plain red line. The temperature dependence of the Al volume plasmon within the free electron model using the polynomial t coecients of α l is shown in insert (plain blue lines). The two red dashed lines correspond to the upper and lower predictions limits taking into account the uncertainties on the tting coecients of Al linear expansion coecient and the reference Al volume plasmon energy at 24 °C (from[START_REF] Abe | Temperature-dependence of the volume-plasmon energy in aluminum[END_REF]).

Figure 2 :

 2 Figure 2: (a) Redshift of Al volume plasmon with increasing temperature measured by EELS on a single Al probe. Each spectrum is a sum of 100 spectra acquired sequentially in time with an acquisition time of 5 ms per spectrum. The time series were acquired at the center of a single Al nanoparticle using time-resolved spectrum imaging available in Gatam Microscopy Suite 3. Before summing the individual spectra in each spectrum image, their shifts in the spectral position were corrected by applying the Align SI by peak Gatan 3 SI plugin at the zero loss peak(b) Comparison of the temperature-induced Al volume plasmon shift on three NPs and the free-electron model. The diameters of three nanospheres are between 100 and 150 nm. The Al plasmon shift according to the free electron model is shown in blue lines with its upper and lower prediction limits in dashed red lines. The experimentally-measured plasmon energies as well as the average plasmon energy at each setpoint temperature are shown alongside (coloured markers). The uncertainty on the plasmon energy was considered equal to the width of one energy channel in the EEL spectra, i.e. 0.01 eV while the one on the setpoint temperature is ± 5 % of the nominal value as per Protochips Inc specication. A low magnication HAADF-STEM image showing the localization of the three NPs is presented in insert.

Figure 3 :Fig. 3

 33 Figure 3: Comparison between local (green line) and setpoint temperatures (blue lines) in a MEMS-based nanoreactor from Protochips Inc. operating under vacuum between 24 and 550 °C. The red dashed lines represent the upper and lower temperature limits constructed by considering the 95 % accuracy on the setpoint temperatures as per Protochips specications.

3. 1 .

 1 Spatial and temporal stability of heater in vacuum Besides the dierence between local and setpoint temperatures, other factors that need to be taken into account during in situ heating TEM observations are the spatial and temporal uniformities of the local sample temperature. Indeed, a temperature gradient along the electron-transparent SiN windows renders comparison among TEM observations made at dierent locations impossible. Similarly, if the temperature at a given location on the SiN lm is not stable over time, TEM observations of dynamic processes during in situ heating experiments is compromised. In this work, we have assessed the spatial and temporal uniformities of the temperature of the SiN support by tracking, at given setpoint temperature, the Al plasmon peak shifts at dierent locations and the Al plasmon peak shifts at a given location as a function of time, respectively.3.1.1. Measurement of local temperature at dierent points in the sample

Figure 4 :

 4 Figure 4: Spatial stability of the local temperature as shown by EELS tracking of the volume plasmon peaks of three Al NPs supported on three dierent SiN windows heated at 300 °C in vacuum.

Fig. 4 Figure 5 :

 45 Fig.4shows the superposition of the EEL spectra at the volume plasmon energy of three Al NPs located at three dierent windows (numbered 1, 2 and 3 in insert of Fig.4) and heated at 300 °C in vacuum. The perfect plasmon peak coincidence among the three EEL spectra is a clear indication that the local temperatures of the NPs considered here are similar, i.e. the temperature is uniform over the three chosen locations at 300 °C. However, if we consider the local temperature measurements in Fig.2bwhich were performed over a given window, it is also clear that temperature is not always uniform over the heated region.

3. 2 .Figure 6 :

 26 Figure6: Temperature drop in a MEMS-based nanoreactor from Protochips Inc. operated at 100, 300 and 400 °C setpoint temperatures upon introduction of a static hydrogen gas environment at 230, 400 and 760 Torr respectively. The data points correspond to temperature determination done in the nanoreactor after it has been evacuated. The heating E-chip is dierent to the one used in the previous gures.

Fig. 6

 6 Fig.6shows the variation of the local temperature as a function of the H 2 pressure at each setpoint temperature measured at a given location. For com-
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 77 Figure 7: Comparison between local and setpoint temperatures in a MEMS-based nanoreactor from Protochips Inc. with static hydrogen gas up to atmospheric pressure. The evacuated conditions corresponds to the presence of residual argon gas at 32 mTorr in the nanoreactor.

  It has been applied to assess the performances of the SiC heater of a MEMSbased gas nanoreactor in terms of the accuracy of the local temperature and the spatial and temporal uniformities of the latter. To establish these performances, we have compared the actual local temperatures deduced from plasmon-based nanothermometry to the setpoint temperatures provided by ex situ calibration of the heater using optical pyrometry. Temperature comparisons performed both under vacuum and in the presence of a static H 2 gas environment reveal that the local and setpoint temperature can be dierent.

  In this work, taking advantage of the absence of closed loop temperature control, we have assessed, both qualitatively and quantitatively, the eect of a static H 2 environment on the local sample temperature in the nanoreactor. Al nanospheres with an average diameter of about 50 nm were used as local temperature probes. The NPs were provided by US Research Nanomaterials Inc. and were synthesized by electrical explosion method. They were dry-deposited on the SiN lm of the heating E-chips prior to in situ

	Protochips Atmosphere gas holder. Among others, it is devoid of the closed
	loop temperature control of the SiC heater which is a standard feature of the
	latter. This temperature control ensures, independently of the gas environ-
	ment prevailing in the nanoreactor, a temperature accuracy of more than 95

They are composed of two disposable MEMS devices commonly known as environmental chips (or E-chips) and a dedicated sample holder with electrical and gas feedthroughs for in situ gas experiments at elevated temperature. One of the E-chips is heat conductive while the other is not. The non-conductive E-chip is a 6.0 mm × 4.5 mm, 300 µm-thick Si chip with a 300 µm × 300 µm hole drilled at its center. The hole is covered with a 50 nm-thick electron-transparent SiN lm. The conductive E-chip is a 2.0 mm × 2.5 mm, 300 µm-thick Si chip with a 300 µm × 300 µm SiC membrane suspended at its center. This membrane is patterned with six (2 × 3) 7 µm in diameter holes on which a 30 nm thick layer of SiN is overlaid. The six electron-transparent regions serve as observation windows during TEM experiments. For in situ heating and/or gas TEM, the E-chips are precisely aligned and xed into a closed-cell conguration at the tip of the dedicated TEM holder. In our experimental set-up, gas is fed to the nanoreactor using a manually-operated gas manifold also from Protochips. The sample is heated through resistive heating of the SiC membrane. The electrical current is delivered to the SiC membrane through gold connector pads via two electrical feedthroughs at the back of the sample holder connected to an electronic control unit (ECU). The heating E-chips are calibrated individually by Protochips using optical pyrometry performed in vacuum to obtain the corresponding current-temperature calibrations. For controlled sample heating, the ECU is interfaced with the custom Protochips Aduro 300 software which uses the calibration le provided with each heating E-chip as input. It should be noted that the gas nanoreactor used in this work is a prototype of % and a temperature uniformity of the order of 99.5 % as per Protochips specications.

  parison, the local temperatures determined by plasmon thermometry before introduction of H 2 gas, under residual argon gas at 32 mTorr, are included for each experiment (the three data points at zero Torr). At 100 and 300 °C, the local temperature remains, within experimental uncertainties, stable around the setpoint temperatures as gas pressure increases. In contrast, the local temperature decreases with H 2 gas pressure at 400 °C. The temperature of the evacuated nanoreactor at this setpoint temperature is 439.6 °C. As in the open conguration, the local temperature in the absence of gases is slightly higher that the set temperature. As H 2 gas pressure increases to 230 Torr, the local temperature instantly drops from 439.6 °C to 360.3 °C. Then, as gas pressure is further increased to atmospheric pressure, the local temperature drops to 322.7 °C, corresponding to a temperature drop of about 117 °C upon lling the nanoreactor with static H 2 gas at 760 Torr. This temperature drop is less than the ones measured by Winterstein et al. when H 2 gas at much lower pressure is own in furnace-based and MEMS-based holders at 300 and 500 °C setpoint temperatures
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