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Supplementary Figure 1. Bulk temperature calibration. Calibration of bulk temperature of samples as a
function of the measured surface temperature by the IR pyrometer in the microwave cavity. Microwave
power adjusted at an approximate rate of 1-10°C-s™.
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Supplementary Figure 2. Comparison of ceramic heating methods and oxygen release. After a purging
heating cycle in air, CGO sintered at 1400 °C was heated up. a, b, Conventional heating at a rate of 10
°C-min™ up to 600 °C in Ar. ¢, d, Heating below microwave power threshold, Py, in N.. e, f, Heating
upon Py in No. The oxygen yield was monitored by following the m/z= 32 and 16 amu by mass
spectrometry. The experiments were performed in a 100 mL-min™ (STP) gas flow.
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Supplementary Figure 3. Effects of microwave power intensity on the heating dynamics. The evolution
of temperature was analyzed by radiating at constant absorbed power a CGO sample initially set at
200 °C (T>T;) in an oxidizing atmosphere. Whereas a large sharp temperature step rise is found for power
rates above the threshold, a very smooth damped distribution is reported otherwise (even just below the
threshold) without any sign of oxygen release. The very dissimilar heating behavior can only be ascribed to
the microwave triggered activation of the material reduction.



800 400 200 100
103 @ non-fitted
electronic + ionic
® ionic
. electronic
— 10 b
0
&
4
[¥p]
R 10 -
-
(o)
1 =

1.0 1.5 2.0 2.5
1000/T (K1)

Supplementary Figure 4. Conductivity decomposition during microwave-assisted heating. The
microwave irradiation of a CGO sample unveils the very characteristic conductivity abrupt raise after
reaching 7i.« for a supplied microwave power above the reduction threshold. Further conductivity rise is
decomposed as the sum of its thermal activated electronic and ionic contributions during the material

heating up.
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Supplementary Figure 5. Structure and surface characterization. a, UV-vis F%(R) absorption spectra
versus the photon energy for CGO after microwave exposure and further re-oxidation in air allows extracting
energy gaps of 3.20 eV and 3.26 eV, respectively. The microwave irradiation reduces the band gap energy
and introduces new electronic states within, suggesting that reduction increases electronic
conductivity. microwave reduction at constant absorbed power (30 W-g™). b, The XRD patterns of the CGO
sample after the microwave treatment until 400 °C in Ar are shifted to lower angles regarding the CGO re-
oxidized in air. In the right, a zoom of (111) peak. Cell parameter decreases from 5.4255A for
the microwave reduced CGO to 5.4225 A after air re-oxidation. ¢, The reduction of CGO is detected
macroscopically by the change in color of the powder, from blue color of the reduced CGO to yellow as it
oxidizes in contact with ambient air. d, XPS Ce3d line shows peaks at 880.0eV (v”) and 886.3eV (V")
attributed to Ce**. Doublet at 902.8 (u") and 897.2 (u°) are clearly observed in the microwave irradiated CGO
sample, while absent in the thermal treated sample. A 27% Ce*/Ce*" surface ratio is estimated on the
microwave irradiated sample. e, XPS Ols lines revealed the increase of surface oxygen vacancies
concentration after irradiation by the growth of the 532.9 eV Ols peak compared to the 530.0 eV peak. The
high BE peak has been ascribed to defect sites, i.e. oxygen vacancies or CO,-contamination or hydroxyl
groups, while the low BE peak corresponds to lattice oxygen in the fluorite structure of CGO. The amount
of vacancies i.e. Vo/Oo” increases from 0.47 to 1.5 (microwave irradiated sample).
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Supplementary Figure 6. Deoxygenation of H,O and D,O to produce H; and D». a.c. electric conductivity,
temperature, O»-assigned MS signal and production ofa, H, from H>O reduction and b, D, from D,O
reduction. The yield of O, occurs simultaneously with the rise in temperature and conductivity while the
production of H or D, starts upon microwave switching-off: H.O/D,O splitting occurs through the re-
oxidation of CGO material. The N> gas flow was saturated with H,O or D,O at 25 °C (3% H>O/D>0 in N»y).
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Supplementary Figure 7. Thermodynamic modelling evaluation of the loop process and capital cost
comparison of H; production technologies. a, Effect of the oxygen vacancy fraction achieved in the
reduction on the H:energy demand. BoP energy not considered. Reduction and re-oxidation at
350 °C, £,=0.8, Heat losses: 5%, Non-absorbed MW: 5%. b, Comparison between the H, generated in the re-
oxidation of the experimental test and the equilibrium reached at different temperatures depending on the
oxygen vacancy fraction difference between the initial state of the material and the reduced
state, Adioop=(2—00)—(2—0:). ¢, Comparison of the capital cost for a distributed plant of 10 kg/day of H, using
microwave-assisted process and PEM, alkaline (ALK) and SOEC water-electrolysis technologies. d,
Comparison of the capital cost for a centralized plant of 50000 kg/day of H, using microwave-assisted
process and PEM, alkaline (ALK) and SOEC water-electrolysis technologies.



— 0.100 - " “ l ﬂ
@ 0.050 g f\ J k k l K
b 0.000
é;‘ 1.60 4— L S ) i T T e | x
2 1554
E i Co,
w 1.50 -
'T,.--.. 0.006 = 1 I T | L] I ) | 'If/{ | T I ] 1
i ]
—'lE 0.004 l cO
I 0.002 _- - /:—m P
o~ Q04 T T 7 T T T T TS T Y T T T T
‘W i
! O
it ]
E 0.02 I A 2
= e00g ] | T i
T T T T T T T T T T T

400 +
= 0 N
— 200 4
— ]

0 ———T—T T T T T T T T

0 200 400 600 800 2000 4000 6000

time (s)

Supplementary Figure 8. Deoxygenation of CQO;. Conductivity, temperature, O,, CO, and production of
CO via CO; de-oxygenation through the re-oxidation of CGO lattice. A gas flow of a calibrated gas mixture
(15% CO, in Ar) was used in the whole experiment. Microwave Power ~35 W-g™'.
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Supplementary Figure 9. CO/CO; hydrogenation. Mass spectrometer signal for the target gases, CO, (m
= 43.91), O2(m = 31.91), CO (m = 28.94), CHs(m = 15.05) and Ho(m = 2.09), in the CO and
CO; hydrogenation reaction. a, lon current signal for the gases in the microwave cavity outlet stream, for the
consecutive cycles of CGO microwave radiation. The cavity is feed with a total flow of 100 ml-min™ and it
is comprised of 15% of CO,2.5 % vol. of HoOand rest is Ar. b, Analysis of the methanation
reaction outlet gases, after the reaction of the H,, CO and CO; obtained in the microwave cavity over the Ru-
based catalyst at 350 °C. In each cycle, an initial O, and CO; release was observed, afterwards the signal of
CHsand H;increased due to reductive process coupled with the catalytic methanation reaction. Several
catalytic reactions are suggested for the CHs formation from CO; or CO. In addition, it has been suggested
that CO acts as intermediate in the CO; hydrogenation. Thus, CO, generated in the microwave cavity, and
COzreact with the H, produced from the CGO oxidation, over Ru-catalyst. The different possible
reactions are CO,+4H,+»CH4+2H,0, CO,+H,+~>CO+H,0, CO+3H,«>CH4+H,0O and CO+H,O+—CO,+Ho,.
The CO generated in the microwave cavity and the CO, not reduced in the cavity react with the H, produced
in the CGO oxidation. CHs4 is formed and some H, is also observed in the mass spectrometer signal. This
H; can be related with the Water Gas Shift Reaction Eq. (19), which is favored at the operation conditions
(350 °C).
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Supplementary Figure 10. Microwave electrocatalysis. The utilization of CHs to produce basic chemicals
in the industry relies upon its transformation into syngas. Diverse H»/CO ratios are obtained depending on
the selected synthesis route (Dry reforming: CH4+CO,—2H,+2CO, Steam
reforming: CH4+H,O—3H>+CO and Partial Oxidation: CH4+1/20,—2H,+CO). The syngas is widely
employed in the chemical industry for the Fischer-Tropsch methanol synthesis. The most suitable ratio of
Hsto CO for those reactions is 2, and the Partial Oxidation of Methane is the only one that fulfils that
condition and does not need to be adjusted with additional gases. For the total conversion of methane with
high selectivity to CO, high temperatures (>750 °C)are required. In order to reduce the operation
temperature different catalyst can be employed. Transition metals like Ni, Co and Fe, perovskites or noble
metals are widely studied. One of the main challenges for the Catalytic Partial Oxidation of Methane is the
development of a selective and stable catalyst for the operation temperature decrease. As a result, carrying
out the POM reaction by the contactless microwave technique, with the possibility of using different oxides,
opens a new field of research. Conductivity, temperature and gas evolution during the partial oxidation of
methane through the reduction of CGO lattice for syngas production are represented here.
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Supplementary Notes

Supplementary Note 1: Microwave irradiation of samples

Experimental setup for microwave redox activation was based on the microwave system described
in a previous work' with specific modifications to operate in continuous flow under different gas
atmospheres. The microwave cylindrical cavity (104.92 mm in diameter, 85 mm in height) was
designed to irradiate samples of solid materials and perform simultaneous in situ measurements of
the a.c. conductivity.

The irradiation of solid materials (in a tubular volume of 9.8 mm in diameter and 15 mm in height)
was realized through the application of microwave power in the cylindrical Transversal Electric
mode TEi11 around the ISM (Industrial, Scientific and Medical) frequency of 2.45 GHz.

The cavity has open cut-off holes in the upper, lower and lateral walls for insertion of the pass-
through tubular quartz reactor containing the sample, location of antennas for coupling of
microwaves and process monitoring. A mass spectrometer apparatus (Omnistar Balzers) was
connected to the output of the tubular quartz reactor to measure the composition of the off-gas
during the experiments.

Fig. 1 (in main text) illustrates the microwave setup including the theoretical TE1; electromagnetic
field distribution in the resonant microwave cavity in comparison to the sample size?. This selection
ensures an intense and uniform processing of the materials inside the reactor (E-field of TE111 mode,
also included in Supplementary Figure 11a).

The setup for microwave irradiation was completed by a 120 W solid-state microwave amplifier
(RCA2026U50, RFcore Ltd. from 2.2 to 2.6 GHz) driven by the oscillator and receiver of a network
analyser (Rohde & Schwarz ZVRE) and a microwave control system.

The microwave control system, located next to the irradiation source (amplifier) in the experimental
setup, made use of a variable coupling device (coaxial probe with variable penetration) and a double
directional coupler (Meca Electronics, model 722-40-1.950 W) to adjust and measure the reflected
signals from the microwave cavity as a function of frequency and temperature, in order to provide
the desired level of heating rate to the sample (see next Supplementary Notes). This configuration
enables to reach temperatures higher than 1000 °C in the sample under different gas atmospheres.
To determine the bulk temperature of the sample, the surface temperature of the quartz reactor was
measured by an IR pyrometer (Optris CT-Laser LT), with extensive calibration procedures
including measurements of fibre optic (FO) sensors placed in contact with the material’s body
(Supplementary Note 3).

Supplementary Note 2: a.c. conductivity set up

A microwave source and receiver of a low power vector network analyzer (Hewlett Packard
HP8720E) were coupled to the microwave cavity through the SubMiniature version A (SMA)
connector placed at the bottom wall of the cavity, for measurements of microwave a.c. conductivity

for the tested samples. The cavity resonance response of the electromagnetic cylindrical mode
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TMo10, employed for conductivity calculations (Supplementary Note 5). The continuous sweep of
the generator frequencies from 1.9 GHz to 2.2 GHz and received signals allowed to extract two
different microwave sources at slightly different microwave frequencies and a high isolation cross-
coupling filter! were used for the microwave heating and simultaneous conductivity measurements
without interferences. Supplementary Figure 11 shows the theoretical electromagnetic amplitude
distributions of both cylindrical modes in the empty cavity. Both E-field patterns have the maximum
magnitude at the cavity center. The heating TE111 mode E-field vector mode is perpendicular to the
cavity axis whereas the measuring TMo1o mode E-field vector is parallel to the cavity axis?. A
detailed view of the TEi11 mode E-field with the quartz reactor filled with the CGO sample is
depicted in Supplementary Figure 12a. The E-field distribution in the cavity reactor and bed body
was simulated with Quickwave 3D electromagnetic simulator (QW3D). QW3D allows to define the
specific geometry and run a FDTD analysis with a specific sinusoidal excitation to calculate the E-
field distribution in the cavity. Supplementary Figure 12b shows how the intensity of the electric
field inside the catalyst bed remains moderately invariant along the sample volume.

Supplementary Figure 11. Theoretical E-field distribution of cylindrical modes in the empty microwave
cavity: a, the heating TE 111 mode with E-field vector mode perpendicular to the cavity axis and b, the
measuring TMoio mode E-field vector parallel to the cavity axis.

13



v Quartz tube
0,40 T
035 4 i
i Material bed
__ 030 1
E i
E 025 4
3 1 “
20.20"5 ® e e e e ®
T i
W 015
w H
0,10 4 + E-field in the
005 | sample
Y e —————
6543210123456

Transversal cut (mm)

Supplementary Figure 12. a, simulated E-field distribution in the microwave cavity with the quartz reactor
filled with CGO (E-field normalized to 1 in the microwave cavity). b, Simulated transversal cut of the E-
field across the CGO bed.

Supplementary Note 3: Experimental setup for measurement using conventional heating

An electric resistance furnace was employed for a.c. conductivity measurements under conventional
heating and it was located above the cylindrical cavity’. The a.c. conductivity measurements were
conducted in three different steps. Firstly, cylindrical samples, with a dimension of 9.8 mm diameter
and 15 mm height of the particulate materials, were prepared and placed on a quartz frit membrane
located in a long tubular quartz reactor. The quartz reactor was heated in the conventional furnace
outside the cavity until reaching the desired temperature. Secondly, the reactor containing the
sample was moved to the cavity for the conductivity measurements in order to characterize the
sample with the same setup as described in Supplementary Note 2. Finally, the quartz reactor was
rapidly moved back to the furnace to continue with the heating process. Supplementary Figure 13
shows the drawing of the additional setup placed on the top of the microwave cavity for resistive
heating of the samples.

14
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Supplementary Figure 13. Experimental setup for conventional heating of samples and conductivity
measurements.

Supplementary Note 4: Microwave heat generation and control

The microwave power absorbed by the sample was adjusted by fixing the coupling device to a
specific penetration and dynamically selecting the frequency sweeps of the microwave source
around the frequency peak of the cavity, as the heating of the sample was progressing.

The microwave power absorbed, P,,s(f;), in the microwave reactor was calculated as the power
delivered by the generator (output of microwave amplifier P) and the reflected signals (S;;)
modified by the coupling device, for each specific frequency f; selected from the source oscillator.
This relation is given by the equation:

Pabs(ﬁ) =P - |511(fi)|2)' i=1,..,N; (1)

where N is the number of frequency points. Thus, the average absorbed power (P ) for a
frequency sweep in the range [f; < f; < fy] can be written as

N
1
Pyw :NZPabs(fi)-
=

Then, by selecting the appropriate frequency sweeps of the microwave source around the frequency
peak of the cavity (f; and fy), we can provide the required level of microwave power (average
microwave power) to the microwave reactor according to a desirable heating rate (K/s).

(2)
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An example of this procedure is given in the following figures. Supplementary Figure 14 displays
the measurement of the reflection factor (S;1) of the irradiation TE111 mode of the microwave cavity
for a specific penetration of the coupling device with a coupling level close to -25 dB, when loaded
with the quartz tube reactor and a sample of CGO (25 °C). The resonant peak of the cavity can be
identified around 2.451 GHz in the plot.
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Supplementary Figure 14. Reflection factor (S17) of the microwave cavity around the resonant peak of
the irradiation TE111 mode when loaded with the quartz tube reactor and a sample of CGO (25 °C).

For a wide frequency sweep of 20 MHz (from 2.441-2.461 GHz) around the frequency peak, the
average power Py, released to the microwave reactors results in 14 W, according to Egs. (1) and
(2), since the reflection factor S;; at frequencies far away from the resonance is very high and heat
is only applied around the resonant peak in a similar shape to pulses with low duty cycle (~20%).
Otherwise, for frequency sweeps of 5 MHz (from 2.449-2.454 GHz), Py, increases to 48 W (duty
cycle 40% due to less points with high S;4) and for frequency sweeps of 1 MHz around the
frequency peak (from 2.451 to 2.452 GHz, red line in Supplementary Figure 14) Py, results in 105
W (duty cycle 80%). Supplementary Figure 15 shows the variations of the frequency of the source
and the absorbed power in the microwave reactor with processing time, according to the previously
selected frequency sweep ranges. Each frequency sweep lasted 200 ms with N = 100 frequency
points measured.
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Supplementary Figure 15. a, Frequencies selected in the microwave source for irradiating the CGO
sample in the cavity. b, Instantaneous absorbed microwave power (black) and average absorbed microwave
power Py, (blue) in the microwave reactor as a function of the processing time for frequency sweeps of
20 MHz, 5 MHz and 1 MHz, respectively.

The design of the microwave heating cavity and the advanced control of the microwave power
supplied to the sample allowed for very high reproducibility of results, which was fundamental to
overcome the poor level of performance associated to multimode instruments in small-scale
experiments. Even if the microwave power is very high (1000 W) in a multimode furnace, the final
power field density on the samples is rather low compared to the E-field density achieved in the
described cavity.
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Supplementary Note S: a.c. conductivity measurements

The measurement of a.c. conductivity for solid materials at microwave frequencies as a function of
temperature relies on the Microwave Cavity Perturbation Technique (MCPT) and allows the
simultaneous measurement of permittivity and conductivity®.
The measurement of conductivity using microwave techniques was reported previously’. One of
the main applications of MCPT consists of measuring the fast time evolution of the conductivity of
some materials excited by different sources. This technique, called TRMC (Time Resolved
Microwave Conductivity), was reported® to measure the formation of electronic charge carriers in
bulk materials induced by a short pulse of high-energy radiation (PR-TRMC, Pulse-Radiolysis Time
Resolved Microwave Conductivity).
Another work” reported the time evolution of the complex conductivity of samples after
photoexcitation with flash-photolysis Time Resolved Microwave Conductivity (fp-TRMC)
experiments to study the photoconductance (free charge generation) on solution-phase samples. The
same technique was applied in a microwave cavity® to measure the charge carrier's generation at the
semiconductor/insulator interface when an external gate bias was applied (Field-induced Time-
Resolved Microwave Conductivity, FI-TRMC). MCPT has also been applied to measure the
temperature dependence of conductivity and permittivity of single and polycrystalline samples in a
flow-through reactor with simultaneous gas-flow heating in the temperature range of 20-500 °C°.
In a recent paper', MCPT was applied in a dual-mode cavity excited by two different microwave
sources to measure the temperature dependence and time evolution of permittivity (and therefore
the conductivity) of materials simultaneous with the heating of the sample by high power
microwaves. To our knowledge, MCPT has not been used to quantitatively determine the
conductivity of ionic conductors or to monitor redox reactions as a function of temperature under
microwave working conditions, as described in this paper.
The fundamental concept of the MCPT relies on the fact that the introduction of a small sample or
a slight perturbation in a resonant cavity barely alters the microwave electromagnetic (EM) fields
around the material. The method requires the measurement of the resonance characteristics of the
microwave cavity before the insertion of the material sample to be measured, after the insertion of
the empty quartz reactor inside the cavity and continuously during the microwave irradiation of the
sample (and the quartz reactor) in the cavity.
Changes in the real part of the permittivity shift the resonance frequency of the cavity, Af / f,
whereas changes in the imaginary part determine variations in the microwave losses or Q-factor,
A(1/2Q). The conductivity and permittivity of the sample are related through

Oac = WEELfr = WEHEG + O, (3)
where o4, w, &, and s'e'ff represent, respectively, the microwave conductivity, the angular
frequency of the microwave signal, the vacuum permittivity and the imaginary part of the
permittivity. The latter term, that account for the system’s energy loss, can be further split into two
contributions: the real component of the conductivity, o, and the bound charge and dipole relaxation
contribution to the imaginary part of permittivity, €;. However, these two loss mechanisms cannot
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be distinguished with microwave measurements and the contribution of each term on the overall
conductivity specifically depends on the material composition.

The continuous measurement of the resonant frequency and Q-factor of the cavity, from the second
microwave system coupled to the bottom of the cavity (measurement mode TMoy10), determines the
frequency shift of the cavity. The change in frequency and Q-factor are described, respectively,
using the following equations!,

ﬁzfuts_fut (4)
f futs '
A(L)J&(L_L_LM). (5)
20/ 2 furs \Ques Que Quo f3 )’

where f,,;s and Q. are the measured resonance frequency and Q-factor of the cavity with the quartz
reactor containing the sample, respectively; f,; and Q,;, the homologous variables for no sample;
and f,,o and Q,,o, without the quartz reactor (empty cavity). The conductivity is then calculated by

g
(10 5F) 2o )

with N € [0,1] representing the sample depolarization factor in the direction of the electric field
polarization and n being the sample filling factor that quantifies the electric relative volume

O-AC = (L)SO

(6)

sample/cavity'?. The parameters  and N depend on the specific geometry of the cavity, resonant

mode (TMoi0) and sample. They were determined through a calibration by measuring reference
materials with known permittivity (n = 0.00238, N = 0.102)'.

An example of application of this method is illustrated in the following graphs. Supplementary
Figure 16 represents the reflection factor (S11) of the microwave cavity (TMo10 measurement mode)
for a sample of porcelain (15 mm height, 10 mm diameter) in the quartz reactor measured at different
temperatures when heated by microwaves. All the responses display the resonant peak of the cavity
for each respective temperature and thereby include the information to determine their resonant
frequencies and quality factors required in Egs. (4) and (5) for dielectric or conductivity calculations
according to the MCPT. The figure also shows the measurement of the empty cavity and the cavity
with the quartz reactor tube without sample, also needed in the method.
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Supplementary Figure 16. Reflection factor of the microwave cavity (TMoio measurement mode) for a
porcelain sample (15 mm height, 10 mm diameter) in the quartz reactor measured at different temperatures.

Therefore, the dynamic changes in the resonant frequency and Q-factor, derived from the measured
reflection factor from the bottom of the cavity, were employed to calculate the conductivity of
materials as a function of the temperature during microwave heating, according the MCPT
described above. Supplementary Figure 17 displays the conductivity of the porcelain sample,
calculated from Eq. (6), as a function of the temperature. The figure also plots the conductivity of
the same sample heated by conventional means (see Supplementary Note 3 for conventional
heating) for comparison purposes. In this representation, both conductivities overlap independently
of the heating method employed.

The same procedure was applied to measure the a.c. conductivity of a sample of CGO in a redox
process. Supplementary Figure 18 shows the Arrhenius plot of the conductivity during microwave
and conventional heating of the sample. The conductivity upon conventional heating of the CGO
sample follows an Arrhenius behavior characteristic of prevailing oxide-ion conduction. However,
microwave heating emerges a distinct pattern and displays an abrupt increase in the conductivity
profile upon reaching the induction temperature, T;,4, simultaneous to the material reduction,
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provided the supplied microwave power exceeds a characteristic power threshold, Py,. Above 750
°C both responses (microwave and conventional heating) seem to converge to the same values.
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Supplementary Figure 17. Arrhenius plot of conductivity of a porcelain sample during microwave and
conventional heating.
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Supplementary Figure 18. Arrhenius plot of a.c. electric conductivity of a CGO sample during
microwave and conventional heating.

The material capability to absorb energy from microwave radiation relies on both the peak
frequency of the cavity and the material Q-factor, being these properties ultimately temperature
dependent. In the low-temperature regime (T < Tj,4), the material is unable to absorb large
amounts of energy from the supplied power and only a low-to-moderate heating rate is possible.
For temperatures above Tj,4, however, the material can absorb much more energy from the cavity
and has access to a broader range of radiation energies to take in, becoming very sensitive to the
experiment conditions at the same time. The induction temperature is thus defined as the minimum
temperature that enables the material to absorb enough microwave energy to promote its reduction.
The induction temperature of a redox activated material is computed from the analysis of the
Arrhenius plot of conductivity as a function of temperature.

The typical pattern of microwave heating is however not observed if the supplied microwave
power is set below a given material-dependent power threshold, P;,. Fig. 2¢ (main text) displays
very dissimilar conductivity patterns relying on the supplied power to be set above or below this
power threshold. While the former case portraits the abrupt conductivity step rise and the material
reduction, the latter appears to be alike to conventional heating. Indeed, these distinct scenarios
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manifest that the material reduction is only triggered if enough microwave energy is supplied, even
though the material has already reached the induction temperature.

In order to test the material power threshold, an initially hot CGO sample is, first, cooled down to
200 °C in an oxidizing atmosphere (air) and, next, heated up with different microwave irradiation
until thermal equilibrium is reached (Supplementary Figure 2). The supplied power is administered
so that the absorbed energy is constant for each process. On the one hand, microwave-induced
reduction is only observed for P > P, ~10 Wg'! unfolding a rapid immediate temperature rise
followed by an asymptotical heating up to reach an equilibrium temperature, T, the higher the
more power is delivered to the samples. On the other hand, irradiated samples with P < Py yield
a much smoother temperature time-evolution pattern once the microwaves are switched on, either
a damped cooling down for lower microwave irradiation or a continuous moderate temperature rise
for powers just below the threshold. Considering the latter scenario, the fact that a minimal
increment on the sample absorbed energy implies a sizeable sharp temperature rise and a different
heating pattern is just another manifestation that the present phenomena cannot be merely ascribed
to a thermal effect. These very contrasting heating behavior, together with a notorious conductivity
enhancement and the triggered oxygen release, evidence the reactive nature of the microwave-
induced redox process.

Supplementary Note 6: Characterization of the electronic component of conductivity during
microwave heating

The electrical conductivity, g, of doped ceria is generally accepted as the sum of its electronic
conductivity and ionic (oxygen vacancy) conductivity,

o= 0; + 0., (7)

where each contribution is defined as the product of the mobility, p, the electrical charge, Z, and
the number of carriers, n, of that species:

The electrical conductivity in doped ceria is an activated process and, therefore, sensitive to those
parameters that modify the population of carriers or promote the mobility of any of the electrical
carrier species. These are, for instance, temperature, oxygen partial pressure, dopant concentration
or an external electric field. Typically, fluorite oxides, e.g. gadolinium-doped ceria Cei.yGdyOz.y2
(GDO), present an electrical conduction behavior of the type

o;T = A; exp(—Eq;/ksT), j=ie; (9)

for each carrier contribution, where E, is the activation energy, A; a temperature-independent

parameter and kp the Boltzmann constant.
The electronic conductivity component is obtained from data by subtracting of the ionic
contribution to the overall conductivity measured for CGO during the material heating, attending to

23



Eq. (7). The measurement is performed in a reducing environment and no re-oxidation occurs during
the material cooling down. This means that the population of carriers for the ionic and electronic
species are only thermally activated after microwave-induced reduction. Considering that the ionic
mobility is barely affected by the presence of the applied electric fields, it can be assumed that the
ionic component to the conductivity is the same during the material heating up and cooling down,
in other words, it is only temperature-dependent. In addition, the electronic mobility is no longer
activated in absence of external electric fields and is negligible for the considered range of
temperatures with respect to the ionic contribution. Hence, the ionic contribution during the
microwave-induced heating can be approximated by the overall conductivity during the material
cooling down.

Raw data is given in pairs of conductivity values, in S'm™!, and inverse temperature, 1000/T, in K-
I, The ionic component to be subtracted is calculated by linear interpolation of the conductivity
values during the material cooling down at the temperatures of each measured data during heating
up. The resulting electronic conductivity values during CGO microwave-assisted heating are
represented in an Arrhenius plot, together with the measured data (Supplementary Figure 4). The
electronic component is linearly fitted to the logarithmic representation of Eq. (9), i.e.

E
log(c.T) =logA, — ﬁ : (10)
B

The obtained values for the activation energy for the electronic mobility and the pre-exponential
factorare E; , =0.19 eV and 4,= 5.40-10° S-K-m!, respectively. Least-squares variance correlation
for the linear fit yields 72 = 0.994.

Supplementary Note 7: Impedance analysis in a resonant cavity

At high frequencies (*MHz), the intrinsic impedance of a medium is defined as the proportional
relation between electric and magnetic fields of waves that propagate through the medium. This
contrasts with the proportionality relation between voltage and current amplitudes in transmission
lines or media restricted to low frequencies (~kHz). However, there is a complete duality between
voltage-current solutions at lower frequencies and the wave solutions for the electric and magnetic
fields at higher frequencies.

The intrinsic impedance of a medium, equal to the impedance of an electromagnetic wave that
propagates through this medium, is expressed as the ratio of the transverse components of the
electric and magnetic fields, also in units of ohms (). For a transverse-electric-magnetic (TEM)
plane and a homogeneous medium, the wave impedance is given by

_E () (11)
Hy (%)

where E (x) is the electric field and H; (x) is the magnetic field in phasor form. From this, it can
be derived that

m (12)
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with u the medium magnetic permeability and ¢ the complex permittivity. If the medium has
negligible magnetic properties, the impedance can be expressed as

z=\/E= bo _ 2 ____Zo )
& Er&p Er (87’. _jg;l)

being Z, the impedance of free space (Z,=120n Q), &, the medium relative dielectric constant and
&, the relative loss factor. Then, the impedance can be determined directly from the dielectric
properties of the medium

The described experimental procedure enables the simultaneous and contactless measurement of
the a.c. conductivity and dielectric properties, together with the microwave heating of the sample.
This allowed to measure the conductivity and dielectric properties variations in the same frequency
range (GHz) as the frequency of the irradiation (~2.45 GHz) in order to have a better understanding
of the polarization mechanism that dominates at these frequencies. However, a restriction of this
experimental procedure is that conductivity measurements in the cavity reactor are only provided
at single frequencies (the resonant frequencies of the cavity reactor) since the reactor is designed as
aresonant cavity with two microwave operation modes (one for heating and another for measuring).
Consequently, the impedance of the medium can only be provided at the resonant mode of the cavity
reactor and evaluated as a function of the temperature during microwave heating, but not in
broadband frequency range.

The following figure represents the real part of the impedance of the material, calculated from Eq.

(13) in the microwave cavity during microwave heating. As a matter of fact, the induction
temperature is also visible with this representation (Supplementary Figure 19).
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Supplementary Figure 19. Impedance (real part) of the CGO sample evaluated at the resonant frequency
of the cavity as a function of temperature during microwave heating.

Supplementary Note 8: Electric field effect on conductivity

The presence of electric fields in ionic and polar materials notably modifies their conduction
properties, being able to alter both the population of charge carriers and their mobility. Particularly,
electric fields alter the transport activation energies of the charge carriers, their mobility being
markedly sensitive to this effect. The activation energy for oxygen vacancy transport in thin-film
SiO» dielectrics was firstly found to decrease for electric fields from up 10°-107 V-cm'!. The
reported breakdown was linear with the applied field, F, (i.e., AEL o« —F) within this range'!. The
effect was ascribed to the reduction of the energy barrier for oxygen vacancy diffusion. First
principles calculations showed that this effect is common for oxygen vacancy and ion migration in
metal oxides'?. Nevertheless, the effect of an external electric field on polarons —the electronic
carriers along with the perturbations caused on the surrounding lattice sites— is further significative.
Its impact has been reported even for very low fields (e.g., ~10° V-ecm™! E-fields induced a percent
level shift on the activation energy for the polaron hopping mobility in doped manganite strip
films'3). The localized polaron (or small polaron) configuration, however, breaks down in the
presence of large E-fields since the polaron drifts amidst the atomic sites’ neighborhood faster than
it is required to cause localization; hence, polarons move through a delocalized band'4. In the
following, small polaron transport in the presence of a low-to-moderate electric field is considered.

Polaron hopping is a thermally activated migration process that originates from initial and final
polaronic configurations matching an energy coincidence state'>. This means that either the thermal
or any externally driven vibrations must provide to the system enough energy to activate the polaron
mobility. Furthermore, small polaron transport in transition metal oxides presents an adiabatic
behavior 3. That is, the hop probability to occur once a coincidence state is reached is the unity,

26



caused by a small lattice relaxation, ¢, during the inter-site transition. Considering a pair of

equivalent lattice sites, the adiabatic polaron hopping rate can be derived from previous works!®!7:
E _E (14)
R = v e (32 exn (7).
aa =V exp|—=)exp T

where v is a representative atomic vibration mode and the first exponential term is related to the
amount of vibrational free energy absorbed by the polaron during the hopping. The above equation
manifests the empirically observed Meyer-Neldel compensation effect for polaron mobility. A
reduction of the hopping activation energy leads to a greater polaron thermal activation for a given
temperature T which also causes a decrease of the neat free vibrational energy of the lattice and thus
a reduction of the entropy'®.

In absence of external electric fields, the hopping activation energy between equivalent lattice sites
can be expressed as a sum contribution of short- and large-range electron-phonon interaction terms,
respectively proportional to Vs and V;, the short- and large-range electron-phonon interaction
potentials

@~ i L) (15
a2 7 2R3 " 2R\R Rz 152/’

being the latter dependent on the polaron jump distance, S, and with R the localized states radii.
Given that the required energy grows for long-distance migrations, small hops are favored. When
an electric field, F, is applied in the direction of the hop, the activation energy lowers, yielding

(4E,(S) — eFasS cos 0)? (16)
16E,(S) ’

Ez(S) =

where a represents the interatomic separation and 0 is the relative angle of the electric with respect
to the jump!'6. Equally, the field-induced energy decrease for larger S shifts the hopping activation
energy minimum for larger polaron jumps and, therefore, enhances the contribution of long-range
electron-phonon interactions attending to Eq. (15). Consequently, the action of electric fields on the
polaron dynamics induces a double effect: a direct reduction of the hopping activation energy and
an increased long-range phonon interaction that enhances polaron hopping. The re-expression of

Eq. (16) as a Taylor expansion around the minimum energy jump distance, S, = /V,/eFa cos 6,
yields
S —Sp)? 17
EF(S) =~ ES”* + \/V,eFacos© 1+Q ) (17)
288,

where E3~® ~ V, /2R embraces all the F- and S-independent contributions to the activation
energy'®!7. Considering that S, generally tends to approach the system’s typical polaron hop
distance, all the jump contributions from the previous equation can be neglected provided
(S — Sp)? « 2SZ. Therefore, the adiabatic polaron hopping rate within an external electric field
reflects the so-called Poole-Frenkel behavior displaying an exponential dependence with (F1/2) 18,
This characteristic electric field-driven pattern, commonly found in insulator materials, has been
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reported in many crystal structures and in disordered media like amorphous polymers involving
small polaron transport!®.

Considering Egs. (14) and (17;Error! No se encuentra el origen de la referencia.), the analyzed
electric field-assisted effects on polaron hopping, and thus the polaron mobility (i, « R,4), can be
summarized in

ES~* +,/V,eFacos 8 (1 1) (18)

ks T T,

R, = v exp T T,

with Ty = t/kg.

Supplementary Note 9: Thermodynamics of the Oz and H: production through microwave
generated oxygen vacancies and energy efficiency evaluation

The complete loop of hydrogen generation due to microwave-induced oxygen vacancy generation
presents the next reactions:

L moo s ™ L Mo, 420 (ro2)  (19)
_— _ —_— —_
67- _ 60 X—SO 67- _ 60 X—Sr 2 2 o2
1
— MO, _ H,0 » ———— MO,._ H 20
5r _ 50x X 61‘ + 2 - 67- _ 60x X 50x + 2 (rHZ) ( )

where MO, _s, is the initial state of the material; MO,_s, , the reduced material; and MOy_s__, the
re-oxidized material with steam; with §;,, §,- and §,, being the oxygen vacancy fractions for the
material in the initial, reduced and re-oxidized forms. Therefore, the complete process involves the
water dissociation through two reactions: (i) microwave-assisted oxygen generation and the
formation of oxygen vacancies in the lattice, and (ii) hydrogen generation by the oxidation of these
oxygen vacancies with the oxygen from water.

The efficiency of the process is evaluated considering the energy stored in form of hydrogen. For
this purpose, the energy demand of the process is compared with the high heating value (HHV) of
hydrogen (283.6 kJ/mol). The energy demand in this process entails the microwave energy and the
heat required in the plant. The energy and properties for the pure gases were obtained from
bibliography database®.

Supplementary Note 10: Spontaneous formation of hydrogen in the material re-oxidation step
with steam

Re-oxidation and vacancy generation reactions are connected through the water dissociation
reaction,
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1
Hzo = HZ + 502 ) (rHZO) (21)

yielding
Th2 = Th20 — To2- (22)

The spontaneous generation of hydrogen (ru2) is achieved when its Gibbs free energy is negative:

AG,,, = AGy,,, — AG,,, <0, (23)

with
AGyy,o = AHry,o =T - ASyy,0 (24)
ASy, .0 = 0.5 A8y, + ASy; — AShz0 (25)

where T is the temperature and AG, AH and AS are the Gibbs free energy, the enthalpy and the
entropy, respectively.

The equilibrium of the re-oxidation reaction is considered. For this purpose, the reaction (rm2) is
conveniently re-expressed in terms of lattice terms,
2Cel, +V, + H,0 2 2Cel, + 08 + H,, (rwz) (26)

where Ce(, and Cel, refer to cerium atoms in cerium lattice sites with a single electron excess and
no excess, respectively; and OF and V;; represent, correspondingly, oxygen and vacancies in oxygen
sites. This description allows to evaluate the equilibrium of the reaction considering the equations
(27-32).

Attending to the law of mass action, the Gibbs free energy is related to the reactant’s concentrations
through

Koy = oxp(~2082) - [05] - [CeX, 12 - pH2 (27)
rQriz! = SXP\ TR ) T [yo] [Cea]? - pH2O

with Kg, defining the equilibrium constant of (ru2’) and pH» and pHO, the partial pressures of
hydrogen and steam, respectively. This equation simplifies considering that the concentration ratios
of oxygen vacancies with respect to oxygen sites and reduced to non-reduced ceria can be re-
expressed as in

[O()){] — 0 — (Sox (28)
V5] Sox
[Cef] 1—-Xd—2-6,, (29)
[Ce.,] 28,y ’
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where Xd is the fraction of dopant agent (0 for CeO; and CZO, and 0.2 for CGO) and O is the
oxygen fraction in the lattice (2 for CeO, and CZO, and 1.9 for CGO). In addition, the partial
pressures’ ratio is
pHZ X (30)
pH20 1+ Qexess — X

being a,,c0ss the additional water fraction introduced above the stoichiometry and X, the oxygen
vacancy conversion, which further relates the oxygen vacancy fractions for the reduced and re-
oxidized forms through

8ox = 6, - (1= X). (31)

Considering the oxidation analysis, the specific hydrogen that can be generated per mass of material
(Fy2) within this loop process can be quantified considering the hydrogen and the material molar

weights, respectively MWy, and MW,,,;, so that
MWy,

Fyo = (6 — 8py)  —— . 32
H2 = (6r ox) MW, (32)

The re-oxidation of the reduced material could not recover the initial state (6,, > §y). This means
that some of the oxygen vacancies generated in the first reduction step will not be later re-oxidized
with steam. However, subsequent reduction-oxidation cycles reach the same amount of oxygen
vacancies (8, ), and the generated hydrogen is proportional to the jump between the reduced and the
oxidized states, (8, — 0, ), (Supplementary Figure 20). Further calculations, e.g. the evaluation of
the energy cost to generate hydrogen, were made under this consideration.
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Supplementary Figure 20. Schematics of the sequential reduction-oxidation cycles.
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Supplementary Note 11: Evaluation method for the energy cost of the hydrogen generated
and efficiency of the process

1. Evaluation of the MW energy

Microwave generators are composed basically by a high-voltage power supply and a magnetron.
The power supply provides a high-voltage DC current needed by the magnetron to generate the
high-power microwave signal. Energy efficiency of the power supply can be as high as 95%, while
magnetron efficiency is around 88-90%, so conversion from electricity to microwave energy has a
global efficiency of >85%. The supplied microwave energy is mostly absorbed by the system either
to promote the material’s reduction (ro2) or to be converted into heat (Fig. 2e in main text), with a
non-absorbed energy yield () sized around 5% and a efficiency of conversion from electricity
to microwave energy (Ng.gc) of 85%. The fraction of energy involved in the reduction reaction with
respect to the total absorbed energy is parametrized by f,., while ny is fixed to 5% in the present
study. The energy demand to form oxygen vacancies corresponds to the enthalpy of this reaction,
provided it is an endothermic reaction. However, the entropic contribution requires to be satisfied
by means of heat. These two contributions, namely the Gibbs free energy contribution (AGy,),
emerge as the necessary amount of energy to be covered in order to develop the reduction reaction.
Taking the balance from the initial input microwave energy to the energy used in the reduction
reaction, the overall microwave energy (P) can be expressed in terms of the previous parameters,
nuw and f,., and the reaction enthalpy and entropy,

AGro, AH,,, — T -AS,,, (33)

P = = .
(1 = Myw) * MEeLEC “fr (1 = uw) - MELEC fr

2. Evaluation method for the heat demand of the process

This analysis was evaluated considering isothermal reduction and re-oxidation at 350 °C. The heat
demand of the process mainly originates from the evaporation of water at room temperature up to
the temperature of the process (Heaty,o = 57.64 kJ/mol). Otherwise, different heat intakes can be
recovered from the outlet streams: (i) the oxygen cooling down to until room temperature
(Heatp, = 10.14 kJ/mol), (ii) the cooling of the hydrogen-water mixture and (iii) the heat release
in the re-oxidation (ru2). Taking into account the difficulty to recover the condensation energy, the
heat that can be recovered from the hydrogen-water hot stream (Heat, g, ) Was evaluated for
cooling down from the process temperature to 105 °C. This energy depends on the excess fraction
of water introduced on the process (Agycess), 1-€.
Heatexpaust = Heaty; + Qexcess  Heatsream (34)

with Heaty, = 7.18 kl/mol and Heatsrg sy = 8.68 kJ/mol.
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Finally, the Balance of Plant heat (Heatg,p) is defined as the system neat heat required as input.
That is, the difference between water heating demands and the recovered heat, considering the
fraction of heat losses during the process, which are set to 1j,.4: = 5% in this study. It reads

Heatyo - 1+ aexcess) Heatoz) (35)

Heatgop = — — (1 = Mneat) - (Heatexhaust +
1 Nheat 2

3. Evaluation of the heat from Microwaves

Microwave irradiation of the material implies a fraction of the absorbed energy (1-f,.) to develop
into heat, i.e.

P nprgc - (L —nyw) - (1= f;), (36)
with some of this energy evolving into the entropic contribution of the material reduction as a heat
demand (T - AS,.,,). Additionally, the heat released during the re-oxidation emerges from the
difference of enthalpies between the oxygen vacancy generation and the water dissociation,

AH,  — AH,ps0 - (37)

To2
Therefore, the heat balance of the microwave driven reduction (Heaty,, ), obtained from the
simultaneous oxygen vacancy generation and heat excess recovery from the re-oxidation step,
yields

Heatyy = (1 — Npeqe) - (P ‘Neree - (X —nyw) - A — f) + (AHro2 - AHero)) -T (38)
-AS

Toz*

Supplementary Note 12: Evaluation method for the efficiency and the energy cost of the
hydrogen generation

The efficiency analysis in hydrogen generation process is evaluated considering the energy demand
of the process regarding the High Heating Value (HHV). For hydrogen, the HHV is 283.6 kJ/mol.
The energy demand was evaluated under two scenarios (Supplementary Table 1): (case 1)
considering only the electric demand of the process and (case ii) considering both the heat and the
electric demands. Being the microwave heating inherent to the assisted reduction of the material,
the entropic heat demand of this reaction is generally covered. Otherwise, an external heat intake
must be supplied, i.e. in those cases where the neat heat of the microwave process requires external
energy (Heatyy, < 0), as contemplated in the second term in Eq. (39).

Supplementary Table 1. Evaluation of the overall energy demand of the hydrogen generation.

Case MW electric BoP Equation Id
i v x AH,y, — T - ASTS (39)
r02 To2 .
P, = — min(0, Heat,,)
(1 - nMW) Mgpe

ii v v PII = PI + HeatBop (40)
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Therefore, the energy efficiency (ef f) for the hydrogen generation process is evaluated depending

on the case:
HHV
eff=T, i=1,11. (41)

i
Supplementary Table 2 shows the hydrogen energy cost data for other considered technologies.

Supplementary Table 2. Energy demand ranges considered for other hydrogen generation processes based
on water dissociation.

Technology Hydrogen energy cost (kWh/kg H2) Source
PEM electrolysis 52 - 65 21-25
Alkaline electrolysis 47 -70 21,22,24-27
Solar thermochemical > 65 24,2838

In general, the processes operating at higher temperature show lower efficiencies since different
mass streams should be heated and cooled down, which implies important increments in entropy,
and results in inevitable heat dissipations. For the case of solar thermal processes and apart from
radiative losses, the main losses are caused by heating/cooling of fluids and ceramics
(oxygen/vacancy carriers) and in a minor extent to inert gas consumption, non-uniform temperature
and fluid flow distribution in the solar reactor?28:31:33,

Supplementary Note 13: Thermodynamic data of the different compounds

The thermodynamic data for the different materials tested were compiled from bibliography.

Supplementary Table 3. Properties of the materials.

Material AH,. (kJ/molo) AS,. (J/molo/K) Source

CGO 385 * 39,40

Ceoz 450 * 40,41

Cz0 7148.8 - 6% — 2306.6 - § — 568.67 348.83 - § — 345.07 42,43
2 2

In Supplementary Figure 21, the expression for the entropy of CeO, depending on the oxygen
vacancies was evaluated considering the results of previous authors*?. For the CGO, the entropy
was evaluated considering that the oxygen vacancy does not affect to the enthalpy and using the
results reported by Gauckler et al.**,
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Supplementary Figure 21. Entropy associated to the reduction process of the material.

The evaluation of the thermodynamic variables AH,., AS,. and AG,, = AH,. — T - AS, in the reduction
process was performed through integration along the intermediate states described in terms of &,
according to Supplementary Table 3. As an example, the Gibbs free energy between the initial
oxidized state (§,, ) until the final reduced state (J,-) reads

5
j AG,(8)ds (42)
60)6

AG, = ——
" 8r_50x

Supplementary Note 14: Techno-economic estimation of the capital cost

The Capital Expenditure (CAPEX) was evaluated for hydrogen generation via water splitting
triggered by the microwave-driven reduction of metallic oxides. A comparison was established for
hydrogen generation systems based on different electrolysis technologies. A diagrammatic view of
these two types of systems is depicted in Supplementary Figure 22, divided into the following
blocks: (A) Heat management system; (B) specific block, i.e. electrolysis or MW system; (C)
condensation and (D) compression system. The estimation of the non-specific blocks was calculated
with the same engineering correlations.
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Supplementary Figure 22. Block diagrams of the H, generation system considering a, electrolysis and b,
a MW assisted process.
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The capital costs were calculated for two scales of H, generation plants: a distributed case
(10 kg/day of hydrogen) and centralized case (50000 kg/day). Two different scenarios were
additionally considered: current and future. The non-specific costs of the microwave system are
collected in Supplementary Table 4 based on previous studies on electrolysis systems* (those items
lacking future estimation in the bibliography were evaluated considering the 75% of their respective
current costs). They are classified as uninstalled cost, representing the installation expenses;
mechanical BoP cost, i.e. the price of the units of the plant (excluding the specific block units and
additional process like compression blocks); and electrical BoP cost, the price of the rectifier and
the a.c. transformer. Furthermore, an extra cost was incorporated adding up a 10% and 2.5% of the
main unit and BoP costs for the distributed and centralized plants, respectively.

Supplementary Table 4. Cost of the microwave system (except for specific block). ? represents a
percentage from the unit costs (BoP).

Units Distributed plant Centralized plant
Current Future Current Future

Uninstalled cost Skw 599 379 460 233
Mechanical BoP cost $/kW 136 140 36 23
Electrical BoP cost S/kw 121 97 82 68
Other costs %" 10 10 2.5 2.5

The cost of the specific block (B) of the microwave system was subdivided into two units: the
reactor the microwave generation units, both computed from different engineering correlations 4
48 and own market analysis. The microwave generator costs are shown in Supplementary Table 5,
while the process parameters for the microwave system were evaluated and upscaled attending to
the values reflected in Supplementary Table 6. Once included the MW system costs, which gather
around 55 — 70% of the overall capital costs, the breakdown of the CAPEX is reported in

Supplementary Table 7.
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Supplementary Table 5. Specific cost for the microwave generator.

Units Distributed plant Centralized plant
Current Future Current Future
Microwave generation®* $/kW 800 —1200 600-900 400-700 300—525

Supplementary Table 6. Process parameters considered for plant dimensioning and cost evaluation of the
MW system.

Parameter Value Units

Specific hydrogen per kg of material per cycle 0.2 g Hy/kg material
Density of the material 722  glem’

Porosity of the solid in the bed 40 %

fr 80 %

MW generation efficiency 90 %

Power demanded by distributed MW-based plant 21.22 kW
Power demanded by centralized MW-based plant 106.11 MW

The specific hydrogen generated per mass of material determines the size of the reactor unit and,
consequently, it is a critical factor considering the capital cost analysis. Supplementary Figure 23
shows the evolution of the capital cost of the distributed plant (10 kg of H» per day).

Distributed plant (10 kg Hzldav)

160
Uninstalled capital cost
140 . m Reactor price
m MW generation
120 BoP CapEx
=100 ] = Others (10%)
S
g |
-g 80 = -
S 60 o R
40
20
0

0.01 0.02 0.05 0.075 01 0.2 05 075 1
specific H, generation (g/kg material)

Supplementary Figure 23. Evolution of the capital cost depending on the specific H2 generated per mass
of material.
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Supplementary Table 7. Evaluation of the CAPEX for the MW-based generation of H.. k$: 1000$; M$:
10° $. % 1200 $/kW; °: 900 $/kW; ¢ 700 $/kW; % 525 $/kW; © other cost was estimated considering an
additional cost of 10% for the distributed plant and 2.5% for the centralized plant.

Distributed Centralized
(10 kgrday) (50000 kg/day)
Current Future Units Current Future Units
Uninstalled cost 14.17 8.96 k$ 54.40 27.55 M$
MW system
Reactor unit 13.91 10.43 k$ 2.51 1.83 M$
MW generation 28.38° 21.29° k$ 82.78¢ 62.09¢ M3
Subtotal MW system 42.29 31.72 k$ 85.29 63.92 M$
BoP
Mechanical BoP 3.22 3.31 k$ 4.26 2.72 M$
Electrical BoP 2.86 2.29 k$ 9.70 8.04 MS$
Subtotal BoP 6.08 5.61 k$ 13.95 10.76 M$
Other’ 4.84 3.73 k$ 2.48 1.87 MS$
CAPEX 67.37 50.02 k$ 156.13 104.10 MS$

The CAPEX comparison of the microwave technology with respect to different electrolysis
technologies was evaluated for the distributed and centralized cases, in current and future scenarios.
The energy demand of these plants was evaluated considering 57.9 kWh/kg of H> and 68% of
overall efficiency. This leads to an energy demand of 35.48 kW for the distributed plant (10 kg/day)
and 177.39 MW for the centralized plant (50000 kg/day).

Different correlations have been obtained from bibliography. Peterson et al.* evaluated the CAPEX
of the PEM electrolysis, divided into four items: (i) uninstalled capital costs, (ii) Stack capital cost;
(i11)) Mechanical BoP (consisting the water pumping, heat exchanging management, condenser and
other equipment) and (iv) electrical BoP (AC to DC rectifier and AC transformer). Matute et al. 4
estimated the CAPEX for alkaline and PEM attending to previous reports’*>2. CAPEX in these
works includes stack, balance of plant, and power supply. Ulleberg et al.>3> made an estimation for
alkaline electrolyser in small scale plants including the electrolysis system, the pressurization and
the installation cost and Ferrero et al.>* made a comparison of PEM, alkaline and SOEC electrolysis
systems based on previous works3>3-¢, A general display of the H, generation processes based on
microwaves and electrolysis is shown in Supplementary Table 8.

Supplementary Table 8. CAPEX comparison of the MW and electrolysis hydrogen generation processes
considering different technologies.

Distributed (10 kg/day) Centralized (50000 kg/day)
Current Future Units Current Future  Units Source
MW 57-67 42 -50 k$ 120-156  77-105  MS$
PEM 40 - 80 10 - 40 k$ 160-400 40-180  M§ 92T
AlKaline 35-100 13-65 k$ 170-530  65-165  MS$ 49-54
SOC 213 17.7 k$ 1065 88.7 M$ >
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