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Fig. S1. Images and schemes to show the setup of the in situ microwave hydrothermal 

experiments. (A) The reengineered microwave reactor in operation. (B) The hydrothermal 

reaction cell as mounted in the microwave cavity. (C) The design of the hydrothermal 

reaction cell for microwave synthesis. Photo Credit: Jianming Bai, National Synchrotron 

Light Source II, Brookhaven National Laboratory, Upton, New York 11973, United States. 

 

  



 

 

 

 

Fig. S2. The temperature calibration through the in situ heat treatment for empty 

PTFE tube. The synchrotron X-ray wavelength is 0.1885 Å. (A) XRD patterns of empty 

PTFE tube recorded when heating it from 33 ºC to 233 ºC. Inset: the enlarged part marked 

by the grey dashed rectangle to show the change of the main peak with temperature. (B) 

The peak position for the main peak of PTFE as a function of temperature. Linear fitting 

was carried out to deduce the thermal expansion coefficient b. 

To determine the temperature profile as a function of the time during the in situ 

microwave hydrothermal synthesis experiment, we performed the temperature-dependent 

XRD experiments when heating an empty PTFE tube in a furnace equipped with a 

thermometer. As shown in Fig. S2A, each XRD scan was collected in the temperature 

interval of 5 ºC when heating from 33 to 233 ºC. The strongest characteristic peak gradually 

shifted to the direction of high d spacing as the temperature increased in the inset, indicating 

the thermal expansion effect. As shown in Fig. S2B, the d spacing value for the strongest 

characteristic peak linearly increases with the temperature. The linear fitting was 

performed by using the linear equation y=a + bx, where b is the thermal expansion 

coefficient. The b value is determined as 4.77e-4 Å ºC-1. According to the equation, the 

temperature profile during the in situ microwave experiment could be deduced based on 

the corresponding d spacing values for the characteristic peak of PTFE tube in Fig. S3A. 

  



 

 

 

 

  

Fig. S3. Temperature variation and phase transformation during the in situ 

microwave synthesis. (A) The position of PTFE peak (from Fig. 1C) and the 

corresponding temperature as a function of the time based on the calibration by 

temperature-resolved XRD results of empty PTFE tube from Fig. S2 and Table S1. The d 

spacings (B) of (001)P, (003)L, and (104)L (from Fig. 2B and 2C, associated with the 

hydroxide precursor and the layered oxide, respectively) as a function of the time, to 

quantify the phase transformation. 

  



 

 

 

 

  

Fig. S4. The solid-state synthesis of NMC333 monitored by temperature-resolved 

synchrotron XRD. The synchrotron X-ray wavelength is 0.23696 Å. (A) Temperature-

resolved synchrotron XRD patterns during in situ solid-state synthesis of NMC333. (B) 

Enlarged region in the 2θ range of 2.5-3.3 degree (marked by a grey dashed rectangle in 

(A)) to show the peak changes from (001)P to (003)L. (C) Enlarged region in the 2θ range 

of 5.0-7.5 degree (marked by another grey dashed rectangle in (A)) to show the peak 

changes of (104)L. 

  



 

 

 

 

 

Fig. S5. The quantitative analysis of the structural evolution during the in situ solid-

state experiment. (A) The d spacings of (001)P, (003)L, and (104)L (shown in Fig. S4B 

and S4C) as a function of temperature. (B) The peak areas of (001)P, (003)L, and (104)L as 

a function of temperature. 

To compare the reaction pathways between the microwave hydrothermal synthesis 

and solid-state synthesis, in situ solid-state synthesis under continuous temperature ramp-

up was also tracked by temperature-resolved synchrotron XRD. The corresponding XRD 

patterns are presented in Fig. S4. Similar phase transformation is demonstrated by the peak 

shift from (001)P to (003)L, and the gradual increase of (104)L peak. (003)L and (104)L 

peaks are initially observed at around 200 ℃, 100 ℃ higher than that in the microwave 

hydrothermal synthesis (Fig. 3). The quantitative analysis about (001)P, (003)L and (104)L 

peaks are performed in Fig. S5. Similar with that in the microwave hydrothermal synthesis 

(Fig. 3), the entire phase transformation process also undergoes 3 regions, I (<200ºC), II 

(200-350ºC) and III (>350 ºC). The variation trends of (001)P, (003)L and (104)L peaks in 

each region are similar with that in the microwave hydrothermal synthesis, hinting the 

similar reaction pathway.  



 

 

 

 

 

Fig. S6. Kinetics analysis of phase transformation during the in situ hydrothermal 

synthesis of NMC333. (A) Time-resolved XRD patterns during the in situ hydrothermal 

synthesis of NMC333 at 150 ºC. (B) Enlarged region in the 2θ range of 1.80-2.50 degree 

(marked by a grey dashed rectangle in (A)) to show the peak changes from (001)P to (003)L. 

(C) Enlarged region in the 2θ range of 1.80-2.45 degree from time-resolved XRD patterns 



 

 

 

 

during the in situ hydrothermal synthesis of NMC333 at 170 ºC. (D) Phase transformation 

as a function of the holding time (t) at 150 ºC, 160 ºC and 170 ºC. Phase transformation is 

quantified by the decrease of (001)P peak area for the precursor, -ln(I(001)t/I(001)0), 

wherein I(001)0 and I(001)t are the peak areas of (001)P peak when the time are 0 minute 

and t minute, respectively. The linear formula y=-ln(I(001)t/I(001)0)=Kt is used to fitting 

the data, wherein the reaction rate K is the slope of the fitted line. (E) Plot of lnK as a 

function of the temperature (1000/T) for in situ hydrothermal synthesis based on Arrhenius 

equation. The activation energy (Ea) for this phase transformation could be deduced by the 

slope of the fitting line. 

To compare the phase transformation kinetics during microwave hydrothermal 

synthesis with that during conventional hydrothermal synthesis, time-resolved XRD 

measurements were also performed during the hydrothermal synthesis of NMC333. Figs. 

S5A-B, 3A, and S5C show time-resolved XRD patterns recorded in situ when performing 

hydrothermal synthesis at 150, 160 and 170 ºC. The phase transformation can be tracked 

by the peak evolution from (001)P peak to (003)L peak, which is similar with the microwave 

hydrothermal synthesis. It takes about 22 mins to complete the phase transformation at 160 

ºC (equaling to the highest temperature during the microwave hydrothermal synthesis 

above), 4 times longer than the microwave hydrothermal synthesis. Similar with Fig. 2C, -

ln(I(001)t/I(001)0) is used to represent the content decrease of precursor, wherein I(001)0 

and I(001)t are the peak areas of (001)P peak when the time are 0 minute and t minute, 

respectively. Considering the phase transformation process is strictly isothermal for the 

hydrothermal syntheses, the reaction rates K are derived based on the linear fitting with the 

equation y=-ln(I(001)t/I(001)0)=Kt (Fig. S6D). A shown in Table S4. the reaction rate K at 



 

 

 

 

160 ºC is determined as 0.096 min-1, an order of magnitude smaller than that of the 

microwave hydrothermal synthesis (1.819 min-1). Combining the reaction rate K values at 

150, 160 and 170 ºC together, we can determine the activation energy (Ea) of the phase 

transformation during the hydrothermal synthesis, As shown in Fig. S6E, the reaction rate 

(lnK) is plotted as a function of the temperature (1000/K). The activation energy Ea of the 

phase transformation is deduced as 104.7 KJ mol-1 by linear fitting. 

  



 

 

 

 

 

 

Fig. S7. Kinetics analysis of phase transformation during the in situ solid-state 

synthesis of NMC333. (A) Time-resolved XRD patterns during the in situ solid-state 

synthesis of NMC333 at 293 ºC. (B) Enlarged region in the 2θ range of 1.80-2.50 degree 

(marked by a grey dashed rectangle in (A)) to show the peak changes from (001)P to (003)L. 



 

 

 

 

(C) Enlarged region in the 2θ range of 1.80-2.45 degree from time-resolved XRD patterns 

during the in situ solid-state synthesis of NMC333 at 311 ºC. (D) Phase transformation as 

a function of the holding time (t) at 293, 302 and 311 ºC. Phase transformation is quantified 

by the decrease of (001)P peak area for the precursor, -ln(I(001)t/I(001)0). (E) Plot of lnK 

as a function of the temperature (1000/T) for in situ solid-state synthesis based on 

Arrhenius equation. The activation energy (Ea) for this phase transformation could be 

deduced by the slope of the fitting line. 

Temperature-resolved XRD measurements during solid-state synthesis above (Fig. 

S4) indicates that, the obvious phase transformation occurs above 300 ºC. Therefore, time-

resolved XRD measurements during solid-state synthesis are performed at three different 

temperatures (293, 302 and 311 ºC). As shown in Fig. S7, similar analysis is done to track 

the phase transformation. The linear fittings shown in Figs. S6D provide the corresponding 

reaction rates K (0.056, 0.091, and 0.182, respectively) at 293, 302 and 311 ºC. The 

activation energy could also be deduced by the Arrhenius fitting of the K values in Fig. 

S7E as 177.3 KJ mol-1. 

Understandably, the Ea value of the hydrothermal synthesis is about 2/3 of the solid-

state synthesis, consistent with the fast phase transformation at much lower temperatures 

during the hydrothermal synthesis. The only difference during these two synthesis methods 

is the existence form of Li+ ions. Li+ ions exist in the form of LiOH solid during the solid-

state reaction, while in the form of hydrated Li+ ions during the hydrothermal reaction. In 

the solid-state synthesis, Li+ ions migrate from LiOH particles to TM hydroxides particles 

before entering the bulk of TM hydroxides, which requires more time and kinetic energy 

than in the cases of hydrothermal synthesis, where hydrated Li+ ions possess higher 



 

 

 

 

mobility in the water solution and permeability at the solid-liquid interface. This explains 

the lower activation energy of the hydrothermal synthesis.  

  



 

 

 

 

 

Fig. S8. Morphology comparison of NMC333 prepared by different methods. Low 

magnification (A) and high magnification (B) SEM images for hydroxide precursor. Low 

magnification (C) and high magnification (D) SEM images for NMC333 prepared by the 

microwave hydrothermal method. Low magnification (E) and high magnification (F) SEM 

images for NMC333 prepared by the conventional hydrothermal method. 

As shown in Fig. S8A, the hydroxide precursor presents the spherical secondary 

particles with the particle size around 10 µm. The secondary particle was constructed by 

lots of close packed nanoparticles in Fig. S8B. After microwave hydrothermal synthesis, 



 

 

 

 

the morphology of the secondary particle was kept Fig. S8C, but the primary particle 

seemed fragmented in Fig. S8D. After conventional hydrothermal synthesis, the 

morphologies of the secondary particle and the primary particle were both kept well in Fig. 

S8E-F.  

  



 

 

 

 

 

Fig. S9. Microwave thermal effect analysis to determine the microwave absorption 

ability of each component. Time-resolved synchrotron XRD patterns for an empty PTFE 

tube (A), a PTFE tube with water (B), a PTFE tube with LiOH solution (C), and a PTFE 

tube with transition metal hydroxide precursor (NMCOH) suspension (labeled as PTFE + 

H2O + NMCOH) (D) under microwave irradiation. The peak marked by a star in (D) is the 

(001)P peak of NMCOH. 

Under the continuous MW irradiation with constant power, the main peak of empty 

PTFE tube clearly shifts to larger d spacings (Fig. S9A), while in contrast, the PTFE peak 

shift is more pronounced when filled with NMCOH suspension (Fig. S9D), indicating a 

much higher temperature effect.  

  



 

 

 

 

Table S1. The peak position (d-spacing) of the PTFE peak as a function of temperature 

when heating the empty PTFE tube. 

Temperature (ºC) d-spacing (Å) Error (Å) 

33 4.9313 5E-4 

38 4.9332 5E-4 

43 4.9362 7E-4 

48 4.9386 5E-4 

53 4.941 5E-4 

58 4.9434 5E-4 

63 4.9456 5E-4 

68 4.948 5E-4 

73 4.9503 5E-4 

78 4.9526 5E-4 

83 4.9547 5E-4 

88 4.9571 5E-4 

93 4.9593 5E-4 

98 4.9616 5E-4 

103 4.964 6E-4 

108 4.9662 5E-4 

113 4.9686 5E-4 

118 4.971 5E-4 

123 4.9732 5E-4 

128 4.9756 5E-4 



 

 

 

 

133 4.9779 5E-4 

138 4.9801 5E-4 

143 4.9825 5E-4 

148 4.9847 5E-4 

153 4.9871 5E-4 

158 4.9895 4E-4 

163 4.9917 5E-4 

168 4.9941 5E-4 

173 4.9966 5E-4 

178 4.999 5E-4 

183 5.0014 5E-4 

188 5.0038 5E-4 

193 5.0063 5E-4 

198 5.0088 5E-4 

203 5.0114 5E-4 

208 5.0141 2E-4 

213 5.0169 2E-4 

218 5.0198 5E-4 

223 5.0228 5E-4 

228 5.0257 6E-4 

233 5.0288 5E-4 

  



 

 

 

Table S2. The peak positions (d-spacing) of the PTFE main peaks and the estimated 

temperatures during the in situ microwave hydrothermal synthesis of NMC333. 

Time (s) 

Peak position d-spacing (Å) Error (Å) Estimated 

temperature 

(℃) 

Error (℃) 

20 4.9233 

4.9417 

4.9563 

4.9702 

4.9841 

4.9895 

4.9940 

4.9985 

4.9938 

4.9865 

4.9825 

4.9784 

4.9731 

4.9741 

4.9790 

2E-4 23.47 0.36 

40 1E-4 60.39 0.26 

60 1E-4 87.69 0.20 

80 1E-4 111.97 0.21 

100 1E-4 134.72 0.15 

120 1E-4 143.09 0.16 

140 1E-4 149.83 0.15 

160 1E-4 156.51 0.13 

180 1E-4 149.57 0.15 

200 1E-4 138.47 0.16 

220 1E-4 132.22 0.16 

240 1E-4 125.62 0.16 

300 1E-4 116.87 0.16 

360 1E-4 118.58 0.17 

420 1E-4 126.59 0.17 

 

  



 

 

 

 

Table S3. The peak positions (d-spacing) and the peak areas of the main peaks of hydroxide 

precursor and layered oxide, including (001)P, (003)L and (104)L, during the in situ 

microwave hydrothermal synthesis of NMC333. 

Time 

(s) 

Peak position, d-spacing (Å) Peak area (a.u.) 

(001)P (003)L (104)L (001)P (003)L (104)L 

20 4.5836 -- -- 19.15 -- -- 

40 4.5879 -- -- 18.31 -- -- 

60 4.5935 -- -- 16.74 -- -- 

80 4.6069 -- -- 14.46 -- -- 

100 4.6340 4.7332 2.0561 9.31 1.27 1.41 

120 4.6503 4.7504 2.0561 6.87 2.69 2.47 

140 4.6684 4.7687 2.0567 4.89 3.28 3.42 

160 4.6928 4.7828 2.0577 3.01 3.93 4.81 

180 4.7060 4.7887 2.0580 1.66 4.48 5.67 

200 4.7061 4.7888 2.0578 1.56 4.77 6.06 

220 -- 4.7882 2.0575 -- 5.75 7.32 

240 -- 4.7870 2.0570 -- 7.62 9.88 

300 -- 4.7871 2.0571 -- 6.82 8.81 

360 -- 4.7869 2.0568 -- 9.21 12.04 

420 -- 4.7888 2.0572 -- 11.04 14.33 

 

  



 

 

 

 

Table S4. The reaction rate K, activation energy Ea and the pre-exponential factor A during 

the microwave hydrothermal, conventional hydrothermal and solid-state syntheses. The K 

value for the microwave hydrothermal was obtained by the mean value theorem of 

integrals, in the temperature range from 135 to 155 ◦C. The K values for the conventional 

hydrothermal and solid-state reaction was obtained by the linear fitting with the linear 

formula y=-ln(I(001)t/I(001)0)=Kt. The Ea and A values were estimated according to 

Arrhenius equation 𝑲 = 𝑨𝒆−𝑬𝒂/𝑹𝑻. 

In situ synthesis 

K  

(min-1) 

error 

Ea  

(KJ mol-1) 

error A (min-1) error 

microwave 

hydrothermal 

1.819 0.124 -- -- -- -- 

conventional 

hydrothermal 

150 ℃ 0.048 0.002 

104.7 0.9 4.10×1011 

 

160 ℃ 0.096 0.002 1.07×1011 

170 ℃ 0.184 0.003  

conventional 

solid-state 

293 ℃ 0.056 0.002 

177.3 21.7 1.26×1015 

 

302 ℃ 0.091 0.003 5.74×1015 

311 ℃ 0.182 0.008  

 

  



 

 

 

 

Table S5. Loss tangent of different materials and solvents 

(http://www.rfcafe.com/references/electrical/dielectric-constants-strengths.htm). 

Materials/solvents tan(δ) 

Water 0.123 

PTFE 1.5 x 10-5 

Ethylene Glycol 1.350 

 

  



 

 

 

 

Table S6. Estimated heat converted by different species from MW irradiation. 

Species Estimated Heat (KJ mol-1) 

Water 4.18 

LiOH 20.79 

NMCOH 34.58 
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