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Highlights 

Functional relationships are drawn between the delayed time and the Nano-

Reactor flow rate and pressure. 

Automatic data synchronization in operando TEM scripts are developed 

and released in open source. 

Abstract 

Time-resolved correlations between the environment, the reaction products, the energy 

transfer and the material structures during the reaction processes make operando gas 

and heating TEM more and more attractive in recent years. The intrinsic time delays 

that exist among parameter measurement locations need to be calibrated for valid 

correlations. Otherwise, erroneous conclusions would be drawn, such as over-

estimating the critical temperatures, or mismatching the structure and composition 

relationships to activities. Herein, we report on a method measuring and calibrating the 

time delays involved in operando TEM. This method relies on the unique capability of 

on-chip calorimetry of the gas Nano-Reactor. It is shown that the time delay depends 

on the gas flow rate and pressure, and has little dependence on the gas type. A functional 

relationship fitted between the time delay and the gas flow rate can automize the time 

delay calibration and thus synchronize the data from different locations. Based on the 

investigations, we developed algorithms and scripts to enable the automatic data 

synchronization in operando gas and heating TEM in both real time experiments and 



post experiments. 
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1 Introduction 

To develop high efficient, eco-friendly and cost wise catalyst materials, disclosing 

the reaction dynamics from micro- to atomic- scale is critically important (1-3). 

Catalysts normally undergo dynamic changes during operation, i.e. their structure and 

reactivity are coupled to the detailed reaction environmental parameters (4-6). The 

conclusions made from the ex-situ transmission electron microscope (TEM) 

characterizations, which compares the pre- and post-reaction catalyst structure and 

composition, would be insufficient and misleading.  

For gas-solid reactions, both the differential pumping system enabled 

environmental TEM (ETEM) (7) and the microelectromechanical systems (MEMS)-

based closed-cell TEM holder (8) have made it possible to characterize the materials 

under the industrially relevant gas and thermal or electrical conditions with TEM’s 

intrinsic advantage of high spatial resolution (9-12). The capability to quantitatively 

detect the reaction products simultaneously with microstructure observation, is of 

crucial significance in correlating the catalyst’s structure evolution with the catalytic 

performance and identifying the active sites and catalytic mechanisms (13-16). This 

brought the TEM characterization from the in-situ scenario to the operando scenario 

(17, 18).  

For example, Vendelbo et al. made use of the operando TEM and reported the 

synchronous observations of oscillating CO oxidation rate and periodic refracting of its 

catalyst Pt nanoparticles. Although more complexity could contribute to the reactions, 

this finding brought direct evidence and insight to the correlations between catalytic 

reactions and catalyst nanoparticle shape dynamics (19). Tan et al. reported that the Pt–

Ni rhombic dodecahedron NPs with segregated Pt frames evolve into a yolk (Pt) –shell 

(NiO) structure when catalyzing CO oxidation, whereas the more roundish Pt-Ni alloy 

NPs tend to separate into a two-sided structure with Pt and NiO on each side. These 

observations suggest that the initial architecture of catalysts can determine their 

structural evolution in the reactions, and thus provide fundamental basis for catalysts 

design and optimization (20). Milivoj et al. investigated the chemical dynamics of CO 



oxidation over Pt NPs in the entire range of catalytic conversion by operando TEM. 

They found that chemical dynamics consist of morphological transformations at the 

low activity regime and fluctuating structural dynamics at the high activity regime. 

They also observed that shape dynamics could contribute to oscillating CO oxidation 

rate in high activity regime (similar to what Vandelbo et al. reported), and to catalyst 

deactivation during catalytic cycling (as revealed by higher and higher ignition 

temperature). They demonstrated how powerful the operando TEM is in building the 

temporally and spatially resolved multiple factor correlations in a complete reaction 

process (21). In all these works, one important, while could be ignored or taken for 

granted point is the time delays between different parameter measurement locations. To 

simplify the explanation of the time delays, a schematic view of the operando set-up is 

shown in Figure 1(a) (22, 23). As shown in Figure 1(a), taking a MEMS-based Nano-

Reactor Operando TEM set-up as an example, the gas needs to travel from a Gas Supply 

System (GSS) into the TEM, and then from the TEM to the MS. The initial gas 

composition will be measured in the GSS while the outlet gas will be measured in the 

MS. As shown in Figure 1(b), a user set gas composition change in the GSS will show 

changes in the MS after 79.1 s. That is to say, simultaneously measured data don’t 

naturally mean they are synchronized. 

Different from the GSS using flow meters and the MS using the ionized gases’ 

mass to charge ratio, there are no direct gas composition measurements made inside the 

TEM Nano-Reactors, which is the area of the reaction occurring and the target of TEM 

investigations. A parameter inside the TEM Nano-Reactor e.g. gas composition in this 

paper, is needed to synchronize all the other data to TEM observations.  

Former researches manually calibrated the time-delay case by case (16, 19-21), 

which is relatively low efficiency and non-applicable to experiments with varying gas 

environment during reaction. 



 

Figure 1. (a) A schematic view of a gas cell based operando TEM gas path; (b) 

Illustration of time-delay between GSS and MS. Here GSS data are measured by flow 

meter (24) and MS by measuring the ionized gases’ mass to charge ratio (25). 

In this work, we will present a data synchronization, i.e. time delay calibration 

method in operando TEM studies enabled by the nano-calorimetry localized on TEM 

Nano-Reactors. The relationship of the delayed time to reaction conditions, e.g. the gas 

pressure, flow rate, and gas composition were investigated systematically. Afterwards, 

open source codes have been developed to achieve reliable and automated data 

synchronization with time-delay characterization on-line and time-delay calibration 

off-line. Finally, we propose a general protocol to perform automatic time delay 

calibration for their own operando TEM set-ups, which could have differences case to 

case. The situation of an ETEM is more complicated than the gas cell. It is out of scope 

of the current manuscript. 

2 Materials and Instruments 

The experimental operando TEM set-up used the DENSsolutions Climate Gas 

Supply System (GSS), Climate in-situ TEM gas and heating sample holder in a Thermo 

Scientific Themis ETEM and Climate in-situ gas analyzer. The gases H2, CH4, O2, CO2 

of 99.999% or higher purity are used as purchased. An empty Nano-Reactor, without 

any samples on it, was used for systematic investigations. 

3 Operando Gas and Heating TEM Set-ups 

Complementary to Figure 1(a), a diagram of the operando gas and heating TEM 

set-ups used in current work is shown in Figure 2. From the hardware perspective, this 

set-up can be grouped to GSS, TEM and MS, as shown in Figure 1. Following the gas 

path and from TEM investigation perspective, this set-up can be divided into pre-TEM, 

in-TEM and post-TEM.  



Pre-TEM  Three gas bottles are connected to the GSS, which contains three flow 

controllers that measure and regulate their flow rates (Fgas1, Fgas2, Fgas3). Their relative 

ratios determine the gas composition of the final mixture. The mixture is made by 

merging the gas flows into a specially designed low-volume mixing valve where they 

can be mixed without interrupting the continuity of the flow and therefore the continuity 

of the gas experiment. As a result of this on-the-fly mixing, the composition of the gas 

mixture can be adjusted to the desired composition within very short response times. In 

addition, the multi-functional mixing valve can guide the gases either to the Nano-

Reactor, or directly to the exhaust. This allows for very steep and abrupt changes of gas 

composition, and provides a very fast and flexible method in controlling the ratio of the 

three gases, i.e. the gas composition that is guided into the Nano-Reactor and interacts 

with the sample. 

Pre-TEM parameters include three gas flow rates (Fgas1, Fgas2, Fgas3). 

In-TEM  The mixed gas will be guided to the TEM holder and modulated by an 

inlet and an outlet pressure (Pin and Pout) to meet the Nano-Reactor gas pressure and 

flow rate requirement inside the Nano-Reactor, following these two equations: 

𝑃𝑁𝑅 = √𝐴 𝑃𝑖𝑛
2 + 𝐵 𝑃𝑜𝑢𝑡

2  (1) 

    𝐹𝑁𝑅 ∝ (𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡) (2) 

If equal distances of PNR to Pin and Pout controllers are assumed in Eq.(1), A=B=0.5 

will be applied, as used by DENSsolutions softwares as default values; if the distances 

are not equal, different values will be applied with A+B=1, A equals the ratio of PNR 

and Pout distance to Pin and Pout distance, and B equals the ratio of Pin and PNR distance 

to Pin and Pout distance. As the flow rate also depends on other parameters, like 

connecting tubing diameter, Nano-Reactor design and so on, only a proportional 

relationship is presented here. Although Pin and Pout controllers are physically located 

in GSS (pre-TEM), their values give the gas pressure and flow rate inside Nano-Reactor 

without time-delay, as is revealed by these two equations. Therefore, Pin and Pout are 

grouped into in-TEM parameters. 

The TEM holder provides the platform for connecting the GSS to the MEMS-

based gas and heating Nano-Reactor composed of a top chip, O-ring and bottom chip 

with microheater. The TEM sample can be prepared onto the microheater area of the 

Nano-Reactor by drop casting, vapor deposition or focused ion beam cutting and 

thinning. A heating control unit located inside the GSS is used to measure and regulate 



the local temperature of the sample through a closed feedback loop between 

temperature and heating power, as discussed more in detail in section 4.1. Therefore, 

the in-TEM parameters include the temperature (T), heating power (P), gas composition, 

inlet pressure (Pin), outlet pressure (Pout), gas pressure (PNR) and gas flow rate (FNR) in 

the Nano-Reactor. Please be aware that, the gas composition here, in unit of percentage 

(of total gas volume), can be different from their values in Pre-TEM part.  

Post-TEM  In the operando TEM set-up, the gas leaving the TEM holder partially 

goes to the gas analyzer and partially goes to GSS for outlet pressure control (of which 

the importance has been shown in Eq.(1) and Eq.(2). The gas analyzer used is a TEM-

optimized mass spectrometer, which requires a very small amount of the gas flow to 

determine the gas composition. This ensures nearly all the gas flows into the GSS for 

more reliable outlet pressure control. It can analyze the reaction precursor and product 

gas composition along with TEM investigations. So, the post-TEM parameters include 

the partial pressures of precursors and products measured by MS. 

 

Figure 2. A diagram of the operando gas and heating TEM set-ups 

4 Results 

4.1 Calorimetry-based time delay calibration 

Calorimetry is a technique to measure the heat transfer involved in physical or 

chemical process. In classical calorimetry, the heat is exchanged with a calorimeter 

calibrated object (26-28). The MEMS-based Nano-Reactor that is being used in this 

work relies on the same principle. Instead of having a fully insulated object, of which 

the temperature change is being measured to calculate the heat exchange, the object can 



be kept at an extremely stable constant temperature. In the latter scenario, which is also 

our case the heat exchange is directly measured by the power consumption differences 

required to maintain this constant temperature. In our case, this object is the metal 

microheater inside the Nano-Reactor. The heating power measured by the microheater 

is a direct measure for the amount of heat transferred by the process under study. It is 

important to consider there can be more factors playing a role in the heat transfer, which 

should not be confused. The processes inside the Nano-Reactor involving heat transfer 

include the microheater itself, sample, gas potential temperature changes of the 

surroundings to which the heat is lost, endo- or exo-thermic reactions between the 

sample and gas, and lastly, electron beam radiation. That is to say 

𝑃𝑎𝑙𝑙 = (𝐶ℎ𝑒𝑎𝑡𝑒𝑟 + 𝐶𝑠𝑎𝑚𝑝𝑙𝑒 + 𝑪𝒈𝒂𝒔 + 𝐶𝑜𝑡ℎ𝑒𝑟) ∗ ∆𝑇 + ∆𝑃𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 + ∆𝑃𝑒−𝑏𝑒𝑎𝑚 (3) 

Here 𝑃𝑎𝑙𝑙 refers to the overall heating power in unit of mW. 𝐶ℎ𝑒𝑎𝑡𝑒𝑟, 𝐶𝑠𝑎𝑚𝑝𝑙𝑒, 

𝐶𝑔𝑎𝑠 and 𝐶𝑜𝑡ℎ𝑒𝑟 represent the heat capacities of the micro-heater, the TEM sample, 

the gas and the surrounding respectively. ∆T is the temperature variations in a Nano-

Reactor, introduced by user set temperature value different from room temperature, 

change of surrounding conditions or chemical reactions. ∆𝑃𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛  and ∆𝑃𝑒−𝑏𝑒𝑎𝑚 

reflect the heating power variations caused by the chemical reaction and the electron 

beam irradiation respectively. 

The gas composition, which determines 𝐶𝑔𝑎𝑠 in the Eq.(3), is the only parameter 

that has direct measurements in pre- and post-TEM, i.e. flow meter in pre-TEM and 

MS in post-TEM, as described in section 3. It is therefore the most useful parameter for 

synchronizing pre-, in- and post-TEM data. 

The design of the Nano-Reactor microheater hardware and software uses a closed-

loop feedback control algorithm, which follows the workflow of ‘set’, ‘measure’ and 

‘adjust’. That is to say, the user sets the desired temperature in the software. The 

software measures the heater temperature, compares it to the user sets value and adjusts 

if a mismatch found. Normally a few to a few tens of cycles could be needed to finish 

this complete process, depending on the severity of the changes of the parameters as 

given in Eq.(3). In general, one cycle would take milliseconds to a few seconds, 

depending on the heater materials, heating control unit and software security 

considerations. The cycle time for the microheater used in this work is 1/3 of a second.  

This cycle time has proven to be a suitable trade-off between controller stability, 

response time, and settling time. However, depending on the purpose, faster or slower 



cycle times may be preferred and applied for some specific experiments. 

Therefore, under isothermal conditions, a 𝐶𝑔𝑎𝑠  change caused by a gas 

composition change will be revealed in a T and a P change in 1/3 second with current 

operando set-ups. 

As shown in Figure 3(a) and 3(b), keeping all the other experimental parameters 

the same, the O2 to CH4 ratio was changed from 50 vol%: 50 vol% to 75 vol%: 25 vol%. 

Because 𝐶𝑂2
 is smaller than 𝐶𝐶𝐻4

, an increase of O2 by 25 vol% caused an instant 

temperature increase. The starting point of this change is 34.9 seconds later than the 

change revealed by gas composition measurement with flow meter in GSS and 45.2 

seconds earlier than the detection of the change in MS. To compensate for this 

temperature change, an immediate heating power reduction was observed to maintain 

the set isothermal condition, as shown in Figure 3(d). The starting points were derived 

by intersecting the horizontal line of a stable status and the tangent line of the starting 

changing profile. The derivation is shown by the dotted line in Figure 3(b) and 3(c).  

Another feature supporting the validation of using calorimetry to calibrate time-

delay is the synchronization of the calorimetry settling time (i.e. the time taken from 

one stable value to the other stable one) and gas composition settling time revealed in 

MS, i.e. 55 s in current case shown in Figure 3(c) and 3(d). 

The 55 s, instead of 1 s in the GSS part, is caused by the fundamental gas transport 

and exchange rules, which have dependence on the internal volume (dead volume) of 

tubing, valves, controllers and Nano-Reactor that allow the gases to diffuse in them and 

smear out the sharp transition from the one composition to the other. This switching 

time can be shorter or longer if different gases or flow rates are applied. Meanwhile, 

this synchronization also provides possibility to get in-clock gas composition inside a 

Nano-Reactor by nano-calorimetry with the sensitivity well below 1 vol% of gas 

composition. More discussions on this point is covered in section 4.3. 

This mutual verification proves that calorimetry in the Nano-Reactor is a valid and 

reliable tool to calibrate the time delays. The maximum error of this time delay is 

estimated to be ±1 s, considering that the acquisition time per data point of GSS, 

calorimetry and MS to be 1 s, 1/3 s and 1 s respectively in general experiments. Similar 

to the feedback cycle time of 1/3 s for heating control, shorter acquisition time can be 

applied for GSS and MS (e.g. change from “trigger” to “continuous” acquisition mode). 

It is important to remain aware of the differences of time delay between different 



gas path locations (which is only determined by gas advection, i.e. transport by bulk 

motion) and gas switching time from one stable gas composition to another stable 

composition (which is governed by both advection and diffusion, i.e. transport by 

random motion) (29). Their differences will be manifested in section 4.2 and 4.3. 

 

Figure 3. Comparison of parameter changes upon a gas composition change of O2 to 

CH4 from 50 vol% : 50 vol% to 75 vol% : 25 vol% (a) O2 ratio measured by GSS flow 

meter vs Nano-Reactor temperature; (b) O2 partial pressure measured by MS vs Nano-

Reactor temperature; (c) O2 ratio measured by GSS flow meter vs O2 partial pressure 

measured by MS; (d) Nano-Reactor temperature vs Nano-Reactor heating power. 

4.2 Functional relationship of delayed time with various parameters 

As explained in part 3, we investigated these parameters’ influence in the 

following sections: gas flow rates ((FNR), varied gas composition and gas pressure (PNR) 

inside the Nano-Reactor, and the tubing length (L) in connecting the hardware. 

Maintaining the sum of Fgas1, Fgas2 and Fgas3 constant, the delayed time between pre-

TEM (GSS) to in-TEM and that of in-TEM to post-TEM (MS) follows the same 

behavior. Only the results of in-TEM to post-TEM are presented here, while those of 

pre-TEM to in-TEM are included in the supplementary. 



4.2.1 FNR (gas flow rates inside the Nano-Reactor) 

To be concrete, we set isothermal condition of 300 oC for the measurements in this 

section. Three or more steps of gas composition change (here O2 and CH4) were used 

to get the time-delay value for one flow rate value. Pin and Pout were tuned to maintain 

the PNR at 900 mbar and vary the FNR.  

As shown in Figure 4(a), the delay time decreases as the FNR increases. It drops 

dramatically with FNR from 0.05 to 0.15 mln/min, where the gas transport and exchange 

happen more likely through diffusion mechanism. It tends to become more flat and 

linear when FNR is greater than 0.15 mln/min, where gas advection dominates the 

transport and exchange mechanisms. Here, the ‘mln/min’ means milliliter per minute 

normalized to 1 bar pressure. An inversely proportional functional relationship which 

is an empirical equation between FNR and the time delay t and covers the whole flow 

rate range can be fitted to the experimental results (as shown in Figure 4(b)), which can 

be written as  

       𝑡 = 
1

𝑎+𝑏𝐹𝑁𝑅+𝑐𝐹𝑁𝑅
2+𝑑𝐹𝑁𝑅

3 (4) 

Note, six FNR values of 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mln/min were planned values. 

More data points nearby were caused by gas composition change modulated FNR 

variations with fixed Pin, Pout and PNR values. As FNR is a reliable experimentally 

measured (not calculated) value, this variation contributes to more data points for 

function fitting. 



 

Figure 4. Time delay variation with Nano-Reactor gas flow rate and pressure. (a) 

Experimental data of delayed time measured with different flow rates and different gas 

types. The type of mixed gas is CH4/O2(blue points) and H2/CO2(red points) 

respectively. The gas composition of CH4:O2 or H2:CO2 is changed from 1:0 to 3:1(■), 

3:1 to 1:1(●), 1:1 to 1:3(▲), 1:3 to 0:1(◆). (b) The fitted function relationship between 

time delay and FNR. (c) Function fitted and experimental time delay data measured 

under different Nano-Reactor pressure. The inset shows the variation of the time delay 

with the gas pressure at the same flow rate (0.1 and 0.2 mln/min repsectively). (d) 

Linear comparison of the delayed time between PNR of 700 mbar and 900 mbar. 

4.2.2 PNR (gas pressure inside Nano-Reactor)  

Same to FNR part, we set isothermal condition of 300 oC for the measurements in 

this section. The measurements in section 4.2.1 are repeated for different Nano-Reactor 

pressures (PNR), i.e. 500, 700, 900 mbar respectively.  

As shown in Figure 4(c), the time delay gradually decreases with the increase of 

the flow rate at different pressures, all of which can be fitted to the function in Eq.(4) 

with different fit parameters. When the FNR were controlled to be same (0.1 mln/min 



and 0.2 mln/min), it is found that the time delay has a linear relationship with the PNR 

at higher pressure range, while deviating slightly from linear relationship at lower side, 

as shown in Figure 4(c) inset. Based on this observation, a linear comparison of delayed 

time covering range of flow rate under 700 mbar and 900 mbar is done and shown in 

Figure 4(d). It shows very nice agreement at lower flow rates, while slight deviation at 

higher flow rates. 

The reason for the linear matches is that when the volume flow rate in the Nano-

Reactor (FNR) is kept constant, the linear flow rate of the gas in the pipeline will vary 

due to the change of the gas pressure inside Nano-Reactor (PNR). According to the Ideal 

Gas Law: 

PV=nRT (5) 

As FNR is normalized to 1 bar pressure, n remains the same when the FNR is consist. 

When the PNR decreases, the gas volume increases accordingly. In order to keep the 

volume flow rate constant, the linear flow rate of the gas in the pipeline increases, 

thereby reducing the time delay. Therefore, the time delay has a linear relationship with 

the PNR.  

The slight deviation from linear relationship at higher flow rates and lower pressure 

could be attributed to detailed gas transportation mechanisms, which needs further 

investigations. Therefore, a good estimation of the time delay under different PNR can 

be derived from one PNR measurements through a linear factor. Time delay 

measurements for fine steps of PNR values are suggested for more precise values.  

4.2.3 Gas types  

In section 4.1, 4.2.1 and 4.2.2, CH4 and O2 are used. The selection of gas types 

there is arbitrary. To study gas types’ influence, H2 and CO2 are used as alternative and 

comparative gases to repeat the measurements in section 4.1.1. As shown in Figure 4(a), 

the time delay values measured with H2 and CO2 can be fitted with the same function 

of CH4 and O2. Small deviation of 1 or 2 s for flow rate around 0.2 mln/min are 

ignorable experimental errors, as confirmed by repetitive measurements with other 

gases. That is to say, the delayed time has no dependence on the gas types. 

4.2.4 Connecting Tubing length (L) 

The whole gas path length consists of length of gas path in GSS, in connecting 

tubing, in TEM holder and inside MS. Theoretically, the travel time (i.e. the delayed 

time in current scenario) is proportional to the whole gas path length between any two 

locations. More complex, rather than linear, monotonic relationship can be expected as 



rendered by gas convection and diffusion mechanisms. It is obvious that the connecting 

tubing length, the only part a user can measure and change, is only one part of the whole 

gas path. So a detailed functional relationship between connecting gas tubing length 

and delayed time is not studied.  

However, a general suggestion of using as short as possible connecting tubing can 

be made for shorter time delays in experiments. 

4.3  Gas switching time and in-clock composition synchronization  

Similarly, we investigated various parameters’ influence on the gas switching time. 

As shown in Figure 5(a) and 5(b), the switching time also decrease with flow rates 

increases, but doesn’t follow the same function in Eq.(3) and has differences between 

CH4 : O2 and H2 : CO2 cases.  

As briefly mentioned in section 4.1, the gas switching time needed to change from 

one gas composition to another gas composition is governed by both gas advection and 

diffusion. 

If advection dominates, the incoming gas simply pushes out the gas that was 

initially present in the Nano-Reactor. In this case, the mathematics are straightforward; 

integration over the flow path in the gas path divided by the local gas flow speed. 

Estimation of this time can be done with gas path length inside the Nano-Reactor of 5 

mm, tubing diameter of 250 µm, flow speed of 0.5 mln/min, which results in a switching 

time of 0.0294 s. 

If diffusion dominates, the diffusive flux of gases is governed by the diffusion 

coefficient D and the concentration gradient (∇𝑐), as given by Fick’s first law: 

𝐽 = −𝐷∇𝑐 (6) 

The diffusion coefficient D is influenced by the gas composition, temperature, and 

pressure. Detailed explanations can be found in these literatures (29, 30) which is 

beyond the scope of the current manuscript. 

As shown in the Figure 5, the switching time is related to the inter-diffusion 

coefficient of one gas in another and varies with gas types significantly. The switching 

time of hydrogen (to other gases, e.g. CO2 in Figure 5(b)) in the Nano-Reactor is much 

longer than other gases. Then CH4, O2, CO2 can be sorted from longer to shorter 

switching time under same flow rate. This is because that gases with lighter molecules 

have higher diffusion coefficients and thus higher chance of diffusion against flow 

direction.  



 

Figure 5. Gas switching time varies with gas flow rate. (a) The gas switching time of 

O2 (i.e. decrease O2 and increase CH4 ratio, blue points) and CH4 (i.e. decrease CH4 and 

increase O2 ratio, red points) in their mixed gas changes with the FNR. (b) The gas 

switching time of CO2 (i.e. decrease CO2 and increase H2 ratio, blue points) and H2 (i.e. 

decrease H2 and increase CO2 ratio, red points) in their mixed gas changes with the FNR. 

The FNR is controlled at 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 mln/min by Pin and Pout. Then the 

gas composition of CH4:O2 or H2:CO2 is changed from 1:0 to 3:1, 3:1 to 1:1, 1:1 to 1:3, 

1:3 to 0:1, so the gas composition after switching in the Nano-Reactor are 0 vol.%(◆), 

25 vol.%(▲), 50 vol.%(●), 75 vol.%(■), 100 vol.%(★). 

4.4  Summarize 

In short, the delayed time between different parts, either group in GSS, TEM, MS, 

or group in pre-TEM, in-TEM and post-TEM, is determined by the gas flow rate in the 

Nano-Reactor (FNR), the gas pressure inside the Nano-Reactor (PNR) and total gas path 

length. As people normally don’t change the connecting tubing length in one lab for 

one operando TEM set-up and the PNR is always consist during a Operando TEM 

experiment, the founded function relation between FNR and delayed time can be used 

for automatic time delay calibration. If PNR varies, a linear factorization to one pressure 

measurements can be applied to get good estimation for different pressures and a 

precise value can be got by functional relationships fitted for different pressure values. 

The gas switching time (or say settling time) is governed by more complicate inter-

correlations among various parameters. It is difficult to build simple functional 

relationship. However, an in-clock synchronization to gas composition is achievable 

and useful for the operando research. 

5 Automation  



5.1 Time calibration (delay correction) script: 

Based on the above results, an open source python script 

(https://github.com/DENSsolutions/Climate-time-delay-characterization-and-

calibration) incorporating the fitted function has been written for calibrating the time 

delays in practical experiments.  

Practical experiments, compared to the simplified situation only involving gas 

composition change, can easily be complicated by chemical reactions. For example, 

under fixed inlet and outlet pressure control mode, i.e. fixed pressure control mode, a 

reaction could cause a Nano-Reactor gas composition change and thus flow rate change. 

It is difficult and potentially un-reliable to use one time-delay value for the whole 

experiment. Therefore, an automatic calibration for real experimental data is essential. 

To realize the automation, the time calibration script first splits the system 

parameters into the three different sets: Pre-TEM, In-TEM and Post-TEM parameters. 

Each set of parameters’ timestamp is corrected based on the calculated time offset that 

results from inserting the measured flow rate to the fitted time delay curve. 

The script saves the three datasets (Pre-TEM, In-TEM and Post-TEM) 

individually with their own time resolution, and creates a synchronized log file in which 

the Pre-TEM and Post-TEM parameters are interpolated towards the In-TEM dataset 

timestamps. These data can then be used to synchronize with TEM images/spectra to 

achieve whole operando gas and heating TEM data synchronization. 

5.2 Time delay curve characterization script: 

Furthermore, based on the upper results, a time delay curve characterization script 

that automates the functional relationship derivation has been developed and shared as 

open source code (https://github.com/DENSsolutions/Climate-time-delay-

characterization-and-calibration).  

The script utilizes the DENSsolutions Impulse API and various Python library to 

control and retrieve measurements from the GSS, heating control unit and MS. As 

shown in Figure 6(a), these parameters, as well as the rolling averages of the signals 

are monitored.  

The script performs a defined amount of measurements at a series of different flow 

rates. Both the number of measurements (i.e. gas composition change steps) at each 

flow rate and the number of flow rate values can be adjusted to optimize between speed 

and precision.  



For each measurement, after a stable flow rate and stable gas composition are 

achieved, noise measurements which is the absolute change value for the signals 

(Figure 6(b)) are performed for the heating power (In-TEM) and the MS measured gas 

partial pressure (Post-TEM) to determine the thresholds to detect the changes. Then it 

toggles between two gas states in GSS while keeping Nano-Reactor pressure the same. 

The measurements in Pre-TEM are plotted in Figure 6(c) and the timestamp of this 

change is stored in pre-TEM part. The script then monitors the temperature and the 

heater power measurement (In-TEM) and the gas partial pressure measurement (Post-

TEM) for a change using the earlier defined thresholds. When a threshold is exceeded, 

the start of the change is determined, and the changes of the signals in In-TEM (Figure 

6(d)) and Post-TEM (Figure 6(e)) will be plotted to monitor the accuracy of the 

detection and the corresponding timestamps are stored in the in-TEM and post-TEM 

parts respectively. These three timestamps will be used to calculate the delayed time, 

and plotted against the average flow rate in Figure 6(f & g).  

This process is repeated for each flow rate. The resulting offset times are stored 

along with the corresponding flow rates inside one data frame. After all the 

measurements are done, curves are fitted to the data using the optimize function from 

the SciPy module, as shown in Figure 6(f & g). The synchronized data corrected by the 

Time Calibration Script which is loaded with the final fitted time delay parameters is 

shown in Figure 7. 

 

Figure 6. The automatic test results of time delay using the Time Delay Curve 

Characterization Script. (a) The signals and its rolling average of measured flow rate of 



gas1, heating power, and mass spectrometer signal of gas1. (b) The absolute change 

values for the signals are monitored to detect the changing time. (c-e) The changes of 

the signal in Pre-TEM (c), In-TEM (d) and Post-TEM (e) will be plotted after this signal 

crosses the lower threshold for the changing state. (f-g) The time delays between the 

pre-TEM and in-TEM (f) and between in-TEM and post-TEM (g) are calculated, and 

the functional relationship can be fitted. 

 

Figure 7. The synchronized data corrected by the Time Delay Correction scripts.  

6 Operation protocol 

With the above conclusions and scripts, a conductive guidance to calibrate time-

delays in operando gas and heating TEM is given here.  

1 Set-up essential hardware, including gas supply system, e.g. DENSsolutions 

Climate GSS in the current work, a mass spectrometer, two gases with different heat 

capacities, e.g. CH4 and O2, a sample holder assembled with an empty Nano-Reactor 

and pass the leak test.  

2 Insert the holder into the vacuum test tube of the Gas Supply System (mimicking 

TEM vacuum condition) or TEM. Connect all the essential connections. 

3 Open control software, starting gas flow at a pressure, and set a temperature 

beyond room temperature (system will give heating power). Choose the P vs t mode of 

MS to detect the composition of the gas. 



4 Start the Time Delay Curve characterization Script, it will take time delay 

measurements at different flow rates automatically. When all measurements are 

completed, the final fitted time delay curve parameters are saved in a calibration file. 

5 Load the calibration file into the Time Delay Correction scripts to remove the 

time-delays in more realistic and complicated experimental data after acquisition. The 

fitted function and Time Delay Correction script can also be applied in real-time data 

acquisition to enable synchronized data visualization during experiments. 

7 Conclusion 

To conclude, operando gas and heating TEM is powerful in correlating material 

process (e.g. gas and thermal environment here), structure and property (e.g. precursor 

conversion) to optimize materials design. Its capabilities also manifest its complexities 

in data synchronization and interpretation. In this work, we have shown the importance 

and the guidance to calibrate the time delays involved in operando gas and heating TEM 

for reliable multi-factor information correlations. With detailed understanding of the 

experimental set-ups, critical parameters, including gas pressure (PNR) and gas flow rate 

(FNR), gas types (Cgas), connecting tubing length (L), are sorted out. Investigations to 

their influences on the delayed time led to the conclusion that a function relationship 

(shown in Eq.(4)) between delayed time and FNR can be used to manually and 

automatically calibrate the time delays. Although the length of gas switching has more 

complicated correlations to various parameters, their changing profile revealed in nano-

calorimetry can be used to get in-clock average gas composition in the sample area. 

Furthermore, with the current research results and conclusions, open source scripts for 

automatic characterizing and removing the time delay in operando gas and heating 

TEM can feasibly speed up the valid data synchronization and ensure more reliable 

information correlations.  
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