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Supplementary notes
Supplementary Note 1 - The calculation of duty cycle and effective reaction time

In typical experiments, the ultrasound is set to burst modes. The duty cycle D (%) can be calculated by D =
%, where n is the number of cycles, fis the frequency, and T is the burst period. The effective reaction time
T. is calculated by T, = TD, where T is the total time. If considering the total reaction time, including the
ultrasound off time, the nominal power can be used to describe the average input power. The nominal power Py

is calculated by P, = PD, where P is the electrical energy.
Supplementary Note 2 - The cavitation probability calculation

The experimental setup and parameters are described in Methods section in the main manuscript. For each burst,
a 5000-sample window corresponding to the active insonation period was isolated and its single-sided power
spectral density (PSD) estimated using Welch’s method (MATLAB function pwelch). A 2048-sample Hanning
window with 1024-sample overlap and a 4096-point fast Fourier transform (FFT) was used. Broadband acoustic
emissions were quantified by integrating PSD with respect to frequency from 2 MHz to 10 MHz, after excluding
+ 50 kHz frequency bins around the fundamental driving frequency and its first six harmonics. The integrated
broadband energy Ey,, for each burst was computed as:

Fw= . PSD()-M(f)-Af &

2<f<10 MHz

where Af is the frequency resolution, and M (f) is a binary mask equal to zero within the excluded harmonic
frequency bins and unity elsewhere.

Cavitation probability was determined following a procedure adapted from Haller et al.'. For each medium and
excitation frequency, baseline broadband-energy statistics were first established under non-cavitation conditions
(e.g. peak negative pressure < 1.5 MPa), yielding a baseline mean broadband energy, y,, and its standard
deviation o,. At higher pressures, each burst was classified into events defined as ‘positive’, ‘negative’ or
‘unclear’, by comparing the broadband energy deviation from the baseline:

positive, if |Ey, — pol > 5 - gy
event(burst) = {negative, if |Eyp, — ol < 3 0y (2)
unclear otherwise

The number of positive Npos, negative Npeg, and unclear Ny, events were summed across Npyrst, for each
sample, at each pressure. Omitting the unclear events, P.,, was then defined as:
Npos . N, pos
Py Npos + Noeg or equivalently Noorore — Nome 3)
To characterise the pressure dependence of cavitation probability, P.,, was modelled using a sigmoidal function.
For each medium and excitation frequency, P, as a function of peak negative pressure was fitted using non-
linear least-squares regressing in MATLAB with a logistic function of the form:

1

- 1 + el-A(x—x0)] (4)

P(x)

where x is the peak negative pressure, A describes the steepness of the transition, and x, corresponds to the
pressure at which P.,, = 0.5.

Supplementary Note 3 - Estimation of acoustic potential energy
1. Pressure field measurement and spatial scanning

The experimental setup is described in Methods section in the main manuscript. At each spatial position in the
scanned 3D grid, the hydrophone recorded a full time-domain voltage signal v(r,t) (V) across the pulse
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duration, sampled at 25 MHz on an oscilloscope (LeCroy, LT264). In post-processing, v(r, t) was converted to
an acoustic pressure p(r, t) (MPa) using an interpolated FOH sensitivity (V MPa ) at driving frequency, / (Hz),
where:
v(r,t)
() = (5)
P SO
Each waveform also included a pre-sampling window (before ultrasound arrival) and post-sampling window
(after the field had passed) to define baseline noise. Only the first propagation of ultrasound through the test
tube wall was considered (i.e. neglecting any reflections), as following signal peaks dropped by at least —6dB
in energy density. Scan measurements were performed whilst driving the transducer at low electrical power to
avoid non-linear effects, protect the hydrophone, and prevent signal saturation of the pre-amplifier system.

2. Noise modelling and signal windowing

Raw time-domain waveforms showed low-amplitude baseline noise before the acoustic burst. To eliminate noise
bias, a Gaussian distribution was fit to the pre-signal region, as shown by the Gaussian overlay in Supplementary
Fig. 25. The first 50 waveform samples (equating to 2us) at each point in the 3D space were used to calculate
the overall mean, p, ise (MPa), and standard deviation, gy,4i5e (MPa), of the noise. Only pressure values with
magnitude exceeding [y gise + 3 * Onoise Were retained for energy density calculation, to give a 99.7%
confidence level. The difference between the first and last time point where this occurs is denoted pulse window
length t (s).

3. Calculation of instantaneous acoustic energy density

In acoustic wave propagation, the instantaneous acoustic energy density E (r, t) at a point in space r, and time ¢
is the summation of the potential and kinetic energy densities:

E(r,t) = E,(r,t) + Ex(r,t) (6)
with:
1 : 2
By 0) = 3 m) @
1
Fe(r,0) =5 pu-u(m™) (®)

where u(r, t) is the particle velocity vector (m s™'), p is the fluid density (kg m™), and c is the speed of sound
in the fluid (m s™).

However, without direct measurement of u, or a plane-wave assumption to estimate the velocity, a potential
energy density approximation is used. Theoretical and numerical studies of acoustic cavitation consistently find
that compressive pressure-force work is the dominant source of energy input to collapsing bubbles’™.
Sonochemistry relies on the radical formation initiated by acoustic cavitation, so setting E = E,,, is a reasonable

assumption.
For pulsed ultrasound signals, the average potential energy density over a single pulse is defined as:

1 p(ro)?
2  pc?

_ 1" 1
Epa(r) = = fo E(r,0)de = — fo dt 0 m™2) 9)

To account for how energy is delivered over time (e.g., over an experimental or pulsing schedule), a temporal
average energy density can also be defined by scaling Ep, using the duty cycle, D:

Exp(r) = D - Epa(x) (10)
where T} is the burst period (s), equal to the time between consecutive ultrasound pulse emission.

The total acoustic energy transferred into an arbitrary volume V (m®) over an experimental duration Texp (8) is
estimated by integrating E (1) spatially over V and scaling by the total number of pulses endured, Npuise:



Fn= | fv Era(®) dV - Noyiee () (11)
T.

Npulse = % (12)
B

Thus, combining with equation (10) results in a total energy of:

B = || Ba@av- 0-(32) 0) (a3)

4. Spatial thresholding —6dB volume

The focal volume used to integrate Ep, () was defined using a —6 dB criterion relative to the maximum average
energy density Epa max» across the space (denoted by the focal point ry). This is intended to emulate the -6 dB
beam volume commonly used to characterise the ‘active’ region of diagnostic ultrasonic transducers’. The —6
dB mask is constructed as so:

V_gap = {r € V| Epp(r) = 0.25 - Epp o} (14)

The total volume spanned by the —6 dB region is also calculated. Supplementary Fig. 26 shows an example of
the spatial distribution of the maximum energy density achieved over burst duration within the sample, as well
as the estimated contour.

5. Discrete data total energy calculation

For implementation, the integral in equation (13) can be rewritten in a discrete form. Using timestep At, the
average pulse energy density is approximated as:

N

_ 1 1 p(rt)?
E = —Z =- At 15
PA(r) T 4 <2 pCZ ( )
i=1
Then summing and scaling over the —6dB volume (with scanned voxel increment AV = Ax - Ay - Az) gives:
_ Texp
Ein = Epp(r)-AV |- D - T U] (16)
reV_sds B

6. Voltage—pressure calibration and scaling

Due to cavitation risk at experimental intensity, only low-voltage scans were performed. The pressure field is
scaled from scanned conditions to experimental conditions using peak focal pressure, PFpax r, :

exp

2

P
I max,Iry

The focal pressure at ry was shown to scale linearly with voltage in the low-voltage range, as justification for

this method, and is plotted in Supplementary Fig. 27.

It is noted that using sample window length 7, determined by the noise threshold, includes the ring-up and down
effect of the transducer, as it resonates up to a steady state pressure amplitude during a pulse emission. This
would dilute the average, affecting results if the number of sinusoid cycles, N¢ycies, Varies between the scanned
data and experimental condition. Additional scaling using the scanned conditions is used to mitigate this, where
Ep(r) is substituted by Epa reconstructed (T) at driving frequency f; (Hz):

fo

Ncycles,scan

> - Epa(r) (18)

EpA reconstructed r)=r- (



7. Worked example

Given:

Frequency, f,: 820 kHz

Peak pressure amplitude of scan, Ppaxy, " : 1.59 MPa
Sample window duration, 7: 196 pus

Number of cycles in pulse during scan, Neyclesscan: 100 cycles

Integrated pulse averaged density of scan, (ZrEV_ Epa(T) - AV) =0.4247 uJ

6dB

Experimental peak pressure amplitude, P,y r, ““P: 6.77 MPa
Burst period, Tg: 2 ms
Number of cycles in pulse during experiment, Neycles scan: 100 cycles

Experimental duration, Teyp,: 30 min= 1800 s

Scale up integrated pulse averaged density using T - (f—°>

cycles,scan

fo . (820000
04274 - 1- = 0.4274-196 X 107° - ( ) = 0.6869 yJ
cycles,scan 100
o (Lo  scan _ Neyclesexp .
Apply factor D ( s ) to get Ejp (where D = To ):
T. 100 1800
E,5%" = 0.6869 - D - ( "Xp) = 0.6869 ( ) - ( ): 37696 pj = 0.0377
mn Tg 820000 x 2 x 103 2x1073 W J
Finally, multiply by pressure scaling factor:
Prar &P\ 6.772
E;,S*P = E S0 . [ 2 ::00377-(—L—> = 0.68
1 1n (Pmax,ro scan 159 ]

8. Additional acoustic intensity metrics

For comparison to other systems, characterizing the ultrasound field often involves intensity metrics, as an
addition to energy-based measures. The instantaneous intensity at point r and time t represents the local rate of
acoustic energy transport per unit area (W m ) and can be estimated from pressure as:

p(r,t) 2
pc

I(r,t) = (19)

Several useful intensity metrics are derived from this pressure-based intensity field, quantifying how this
intensity varies spatially and temporally®:

Spatial-peak temporal-peak intensity (Ispyp)

The peak intensity across all space and time points:

_ p(r,t)?
Isprp = n}f%X< o (20)
Spatial-peak pulse-average intensity (Ispps)
Time-averaged intensity at the spatial location of peak pressure during one pulse (of duration 7):
1("p(rt)?
I = - de 21
SPPA mraX<Tf0 oC (21)

Spatial-peak temporal-average intensity (Ispta)
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At the same location as Igppp, but scaled over entire burst period:

T
Ispra = (T_> *Isppa (22)
B

e Spatial-average pulse-average intensity (Isaps)

Time-averaged intensity averaged across the —6dB focal surface Sgqg, normal to the direction of wave
propagation during one pulse duration:

1 1 Tp(r,t)z
I = — dt | d 23
SAPA Acan ff <T-[o oc S (23)
SedB

where Agyp is the total area of Sgyp (M?).

e Spatial-average temporal-average intensity (Isata)

Averaged over focal surface as Igppa, but scaled over entire burst period:

T
IspTa = (T_> “Isapa (24)
B

These intensity values for the 820 kHz and 530 kHz transducers are shown in Supplementary Table 1.



Supplementary Figures
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Supplementary Fig. 1. The sonochemical reactor system. a, The diagram of the sonochemical reactor system,
corresponding to a continuously flow mode. b, The diagram of closed system and flow system. The double
three-way valve system controls the flow system, that switch between continuous flow (gas passing through the
reactor and into the acid trap) and closed mode (gas is first introduced to saturate the liquid, after which the
reactor is isolated for ultrasound irradiation). ¢, The photograph of the sonochemical reactor.
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Supplementary Fig. 2. UV-vis calibration curves. a, b, UV-vis spectra and the calibration curve of ammonium
solutions with varying concentrations (in ppm of N in ammonia), measured using the salicylate method. ¢, d,
UV-vis spectra and calibration curve of potassium nitrite solutions with varying concentrations (in ppm of NO,"),
measured using the Griess reagent. e, f, UV-vis spectra and calibration curve of potassium nitrate solutions with
varying concentrations (in ppm of NO3"), measured after treatment with hydrochloric acid and sulfamic acid. g,
h, UV-vis spectra and the calibration curve of hydrogen peroxide with varying concentrations (in ppm of H>O,).
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Supplementary Fig. 3. UV-vis spectra of nitrogen reaction products in different solutions. a, UV-vis spectra
of ammonium produced from reactions under various conditions: "N," and "Air" represent reactions with pure
N> gas and air in deionised water, respectively; "N, + acid" and "Air + acid" represent reactions in 0.05 M H>SO4
solution; "N + talc" and "Air + talc" represent reactions in water containing 1 mg mL™" talc. b, UV-vis spectra
of nitrite products under the same conditions. The "Air" and "Air + talc" samples were diluted 4%, while all
other samples were diluted 2x prior to measurement. ¢, UV-vis spectra of nitrate products. All samples were
diluted 2x prior to measurement.
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Supplementary Fig. 4. Structural characterisation of talc (Mg3SisO19(OH)2). a, The X-ray diffraction
pattern of talc, corresponding to the standard structure of PDF #00-029-1493. b, The SEM image of talc shows
typical layered structure. ¢, SEM images of talc after 2 h sonication. The transducer was operated at 820 kHz
with a 6.1% duty cycle and 6.77 MPa acoustic peak pressure.
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Supplementary Fig. 5. Cavitation probability as a function of peak negative acoustic pressure. Green, blue
and red colours represent measurements in degassed water, air saturated water and water containing 1mg mL™
talc. Symbols show measured cavitation probabilities and solid lines in figures a,b indicate sigmoidal fits to the
data, using non-linear least-squares regression. a, Plot of driving frequencies of 820 kHz. b, Plot of 530 kHz. ¢,
Example of power density spectra used for estimating cavitation probability, where solid lines show averaged
spectra over 1000 bursts at 820 kHz and 6.3 MPa peak negative pressure.
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Supplementary Fig. 6. UV-vis spectra of reaction products from nitrogen—oxygen mixtures in water
containing 1 mg mL™! talc, under varying conditions. The nitrite samples were diluted 4x, and the nitrate
samples were diluted 2x prior to measurement. a—¢, UV-vis spectra of ammonium, nitrite, and nitrate,
respectively, produced using nitrogen—oxygen mixtures with varying nitrogen fractions (indicated by percentage
values). d—f, UV-vis spectra of ammonium, nitrite, and nitrate obtained under varying peak-to-peak acoustic
pressure.
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Supplementary Fig. 7. UV-vis spectra of reaction products from nitrogen—hydrogen mixtures in water
containing 1 mg mL™' talc, under varying conditions. Both nitrite and nitrate samples were diluted 2x prior
to measurement. a—c¢, UV-vis spectra of ammonium, nitrite, and nitrate, respectively, obtained using nitrogen—
hydrogen mixtures with varying nitrogen fractions (percentage values indicate nitrogen content). d—f, UV-vis
spectra of ammonium, nitrite, and nitrate at varying peak-to-peak acoustic pressure.
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Supplementary Fig. 8. UV-vis spectra of reaction products from nitrogen—oxygen and nitrogen—hydrogen
mixtures in closed reaction system. a—c, UV-vis spectra of ammonium, nitrite, and nitrate from nitrogen—
oxygen feed gas with different reaction durations. The ammonium samples were not diluted, except 10-min
sample were diluted 2x, nitrite samples were diluted 4%, and the nitrate samples were diluted 2x prior to
measurement. d—f, UV-vis spectra of ammonium, nitrite, and nitrate from nitrogen—hydrogen feed gas with
different reaction durations. Both nitrite and nitrate samples were diluted 2x prior to measurement. g, Product
concentrations as a function of reaction time using air as the feed gas. h, The corresponding nitrate-to-nitrite
ratio against time. i, Product concentrations as a function of reaction time with nitrogen—hydrogen as the feed
gas. Error bars represent the standard deviation from three independent measurements, applied consistently
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across all subsequent scatter plots. The individual data points can be found in the Source Data file.
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Supplementary Fig. 9. Hydroperoxide production from different feed gases. a, UV-vis spectra of the
hydrogen peroxide with different feed gases after 30 min reaction. b, The calculated concentration of hydrogen
peroxide. Error bars represent the standard deviation from three independent measurements. The individual data
points can be found in the Source Data file.
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Supplementary Fig. 10. The plot of nitrogen fixation yield per unit energy against pulse energy. The pulse
energy represents the acoustic energy delivered into the reaction vial during each 100-cycle burst, calculated
based on the 3D acoustic pressure field scan (see Supplementary note 2 for details). a, The production in closed
reaction system with air as feed gas. b, The production in closed reaction system with nitrogen-hydrogen
mixtures (80% nitrogen) as feed gas. Error bars represent the standard deviation from three independent
measurements. The individual data points can be found in the Source Data file.
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Supplementary Fig. 11. The plot of nitrogen fixation against talc concentration. a, The production in closed
reaction system with air as feed gas in water with different talc concentration. b, The production in closed
reaction system with nitrogen—hydrogen mixtures (80% nitrogen) as feed gas in water with different talc
concentration. Error bars represent the standard deviation from three independent measurements. The individual
data points can be found in the Source Data file.
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Supplementary Fig. 13. UV-vis spectra of reaction products from pure nitrogen and nitrogen—oxygen
mixtures in water containing 1 mg mL™ talc. a—c, UV-vis spectra of ammonium, nitrite, and nitrate produced
from pure nitrogen at varying reaction times. d—f, UV-vis spectra of ammonium, nitrite, and nitrate from a
nitrogen—oxygen mixture (79% nitrogen) at varying reaction times. Nitrite and nitrate solutions from the 30-
minute reactions were diluted 2%, while those from the 60- and 120-minute reactions were diluted 4% prior to

measurement.
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Supplementary Fig. 14. The plot of products against time in continuous gas flow reaction system. a, Pure
nitrogen as feed gas, b, air as feed gas. Error bars represent the standard deviation from three independent
measurements. The individual data points can be found in the Source Data file.
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Supplementary Fig. 15. The plot of products from nitrate reduction with H as feed gas. Nitrate solution
is 10 mM and reaction is performed in continuous gas flow reaction system. Error bars represent the standard

deviation from three independent measurements. The individual data points can be found in the Source Data
file.
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Supplementary Fig. 16. UV-vis spectra of reaction products under continuous gas flow. a, b, UV-vis spectra
of products from nitrogen—hydrogen mixtures (80% nitrogen) in neutral water containing 1 mg mL ™" talc. Nitrite
solutions were diluted 2x prior to measurement. ¢, d, UV-vis spectra of nitrate and nitrite from reaction in air in
acidic water (0.05 M H,SOy) containing 1 mg mL™ talc.
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Supplementary Fig. 17. UV—vis absorbance curves from ammonium assays of the acid trap (dashed line),
showing detectable ammonium only in the reaction solution. Conditions: feed gas is 80% N, and 20% Ha,
frequency is 820 kHz, and duty cycle is 6.1%.
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Supplementary Fig. 18. Energy-dispersive X-ray spectroscopy (EDX) mapping plots. a, b, Pristine talc
figures and c-d, after 2 h sonication. For the pristine talc, element atomic ratios are N 0%, O 61.32%, Mg
16.05%, Si 19.89%, Cu (Substrate) 2.74%. For the talc after 2 h sonication, N 0%, O 54.37%, Mg 15.35%, Si
17.83%, Cu (Substrate) 12.45%.
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Supplementary Fig. 19. Products concentration from reaction with different pulse length. All reactions
were carried out for 30 minutes at 6.77 MPa acoustic peak pressure, duty cycle 6.1% in neutral water with 1
mg mL! talc. a, N»-O, mixtures in neutral water different pulse length with the same duty cycle. b, The
corresponding nitrate-to-nitrite ratio. ¢, No—H» (80% nitrogen) mixtures in neutral water with different pulse
length with the same duty cycle. Error bars represent the standard deviation from three independent
measurements. The individual data points can be found in the Source Data file.
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Supplementary Fig. 20. Products from reactions with varying argon percentages in gas mixtures. All
reactions were carried out for 30 minutes at 6.77 MPa acoustic peak pressure, duty cycle 6.1% in neutral water
with 1 mg mL™" talc. a, Nitrogen products from reactions using air-Ar mixtures with varying Ar fractions. b,
Nitrogen products from No—H,—Ar mixtures (80% N,—20% H; base mixture with varying Ar content). Error bars

represent the standard deviation from three independent measurements. The individual data points can be found
in the Source Data file.

18



1.44 0.6 0 min
~>0.05 —_ — !
= S 1.2 S5 30 min
o o a ——60min
= i o Q !
30.04 .‘_5,1'0' 30.4_ —— 120 min
2 0.03 8 0.8 I
= = < 0.3
g 0.02 K06 E
[} Q04 5 021
2001 8 8
<C <02 < 0.1

0.00
T . . 0.0 . . 0.04 . . T T
500 600 700 800 900 400 500 600 200 220 240 260 280 300

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Supplementary Fig. 21. UV-vis spectra of reaction products from air—argon mixtures in water containing
1 mg mL™ talc. All reactions were carried out at 6.77 MPa acoustic peak pressure, duty cycle 6.1% for different
duration in neutral water with 1 mg mL™" talc. a—e, UV-vis spectra of ammonium, nitrite, and nitrate produced
from 50% N»—50% Ar at varying reaction times. Ammonium solutions were not diluted, while nitrite and nitrate
samples were diluted 2x prior to measurement.
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Supplementary Fig. 22. The nitrogen fixation with 50% N, and 50% Ar as feed gas. All reactions were
carried out at 6.77 MPa acoustic peak pressure, duty cycle 6.1% for different duration in neutral water with 1
mg mL™ talc. a, Total fixed nitrogen and b, nitrate-to-nitrite ratios from reactions. Error bars represent

the standard deviation from three independent measurements. The individual data points can be found in the
Source Data file.
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Supplementary Fig. 23. Simulated temperature profiles during cavitation bubble collapse under various
conditions. a, Temperature profiles for different gas mixtures during a single bubble collapse event. b,
Temperature profiles for N,—O, mixtures with varying nitrogen content (indicated percentages refer to N,
fraction). ¢, Temperature profiles for No—H» mixtures with varying nitrogen content. d, Temperature profiles for
air as the feed gas under different acoustic pressure, corresponding to experimental conditions. e, Temperature
profiles for N,—H, as the feed gas under different acoustic pressure, corresponding to experimental conditions.
f-i, Corresponding peak temperatures extracted from the simulations in figures b—e, illustrating the influence of
gas composition and ultrasound power on maximum bubble temperature. Boxes indicate the interquartile range,
the central line denotes the mean value, and whiskers represent the full minimum-maximum span.
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Supplementary Fig. 24. Comparison of nitrogen fixation products with and without argon obtained with
530 kHz transducer. Experiments using the 530 kHz transducer were conducted with a burst period of 3 ms
and a duty cycle of 6.3%, the maximum acoustic pressure is 6.24 MPa. a, Product distribution using air as the
feed gas, the R? value for linear fitting is 0.994. b, The corresponding nitrate-to-nitrite ratio. ¢, Product
distribution using 50% air and 50% Ar gas mixture as the feed gas, the R* value for linear fitting is 0.989. d,
The corresponding nitrate-to-nitrite ratio. Error bars represent the standard deviation from three independent
measurements. The individual data points can be found in the Source Data file.
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Supplementary Fig. 25. Histogram of baseline noise pressure amplitudes (grey) with Gaussian fit in red
solid line. Vertical dashed lines show u, i + o, = 20, and u + 30 pressure values.
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Supplementary Fig. 26. 3D scan of the energy density distribution in the reaction vial. a, ¢, pulse averaged
energy density (J m ) distribution across 2D planes passing through point ro= (0,0,0) where energy density is
spatially maximum. Red contour defines 2D boundary, where local energy density has fallen by 6 dB relative
to spatial maximum. b, d show the 3D volume of the same boundary. a, b, Data of 820 kHz transducer, with
1.59 MPa peak pressure amplitude at ro. ¢, d, Data of 530 kHz transducer, with 1.33 MPa peak pressure
amplitude at ro. NB: maximum energy density at 530 kHz is approximately half of 820 kHz, as voxel size used
for analysis was half the volume. The —6dB volume for 820 kHz and 530 kHz is 6.16 mm® and 19.74 mm’,
respectively.
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Peak focal pressure

Supplementary Fig. 27. Plot of focal pressure vs. input voltage, at 820 kHz transducer driving frequency.
Linear relationship is shown, as justification for pressure scaling for higher experimental voltages (R>=0.998).

Supplementary Fig. 28. Gibbs free energy changes (AG) for the formation of NO, NO,, and NHj; as a
function of temperature. These results highlight the limited favourability of product formation at constant high

temperatures.
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Supplementary Fig. 29. Gibbs free energy profiles for nitrous acid and ammonia production via different
reaction pathways. a, The proposed different reaction pathways for nitrous acid production. b, The proposed
different reaction pathways for ammonia production. c—f, Free energy steps of representative nitrogen oxidation
pathways leading to the formation of HNO» under varying mechanistic routes. g—j, Free energy steps of nitrogen
reduction pathways leading to the formation of NHs. These calculations illustrate the thermodynamic feasibility
of each step, providing insight into how pathway accessibility shifts with reaction conditions.
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Supplementary Tables

Supplementary Table 1. Computed intensity metrics from simulated acoustic field. 820kHz values based
on a 6.1% duty cycle, and 530 kHz a 6.3% duty cycle. Time-averaged values are dependent on pulsing protocol

and should be interpreted accordingly.

Frequency Prax,ro IspTp Isppa IspTA Isapa Isata Aeds Vean
(kHz) (MPa) Wem?) (Wem?) (Wem?) (Wem?) (Wem?) (cm?) (mm’)
820 1.59 169.47 43.11 4.22 17.31 1.06 0.33 6.16
530 1.33 118.49 21.71 2.84 11.54 0.73 0.66 19.74
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Supplementary Table 2. The summary of N, fixation rate with ultrasound technology

. Energy-
Frequency Power .o Production rate Power-nqrmahsed Energy cost  normalised
Products Gas Liquid . production rate 1 . Reference
(kHz) (W) (UM min™") (uM min~! W) (MJ mol™) production
K (mol kWh™!)
— -
Total N 820  12.92° Ssoofj‘x’ Water 39.67 0.19 3.75 0.96 VTVEE(
0.
Total N 820  12.92°  Air Water 27.70 0.13 5.36 0.67 \Eﬁ(
Nitrate 820  12.92°  Air Wﬁeﬁjsgf 16.89 0.080 8.80 0.41 VTVES(
- .
Ammonium 820  12.92° Z%o//“ﬁzz Water 7.38 0.035 20.14 0.18 VTVEE(
0
—— ;
Total N 530 12.94* 55003121;’ Water 34.13 0.16 9.21 0.39 VTVZ‘S(
0.
Total N 530 12.94°  Air Water 18.41 0.087 17.07 0.21 ;gii
Ammonia 1700 18 N2 Water 0.13 7.01x1073 1.22x10° 2.94x107 7
Nitrite 1700 18 N2 Water 0.04 1.98x1073 4.32x10° 8.33x1076 7
Nitrate 1700 18 N> Water 0.07 4.10x1073 2.09x10° 1.72x10°° 7
Ammonia 1700 18 Air Water 0.12 6.48x1073 1.32x10° 2.72x10°° 7
Nitrite 1700 18 Air Water 0.64 0.036 2.40x10* 1.50x107* 7
Nitrate 1700 18 Air Water 0.86 0.048 1.80x10* 2.00x107 7
0
Ammonia 850 80 3(())0//001;122’ Water 0.51 6.32x1073 2.50x10* 1.44x107 8
0,
Ammonia 850 80 3%0//"11\1{22’ Mineral oil 0.02 2.47x107* 6.38x10° 5.64x1076 8
0
Nitrite 35 - Air Water 0.38 - - -
Nitrate 35 - Air Water 0.15 - - -
Nitrite 447 50 Air Water 22 0.44 - - 10
Nitrate 447 50 Air Water 6 0.12 - - 10
. Water + 50 4
Nitrate 40 240 N M FeSOs 0.21 8.75x10 - . 11
. . Water + 50 4
Nitrate 40 240 At M FeSOs 0.12 5.00x10 . - 1
0,
Nitrite 360 50 3630//"1? Water 1.56 0.031 7.69x103 4.68x107* 12
0.
0
Nitrite 360 50 Z‘éu//"lizr’ Water 2.04 0.041 5.88x103 6.12x107 12
0.
0
NO, 900 27 3(())0//01(\;22’ Water 8.00 0.296 2.00x103 1.80x1073 13
0
149 . R
NO. 200 o Air Water 21 - 426 8.45x10 14
33.5 . R
NO. 40 Wi o Afr Water 4.5 - 449 8.02x10 14

*The presented power is nominal power, defined in Supplementary Note 1.
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Supplementary Table 3. Comparison between nitrogen-fixation approaches (In addition to Haber-Bosch,
other methods are aqueous solutions based)

Process Reaction  Typical conditions Selectivity Yields Reference
400-500 °C, 150- 1hno .
Haber—Bosch Reductionto 300 atm, Fe catalysts, Z;I?;);) 15 gﬁthlgrl_tyaSS Tonne-scale continuous 15.16
(industrial) NH; H> from fossil 3)> 1270 Perp production i
conversion
sources
Electrocatalytic . Ambient condition, 1-20% selectivity
. Reduction to . . 2 105 IR
N2 reduction transition metal (estimated from 10°-10° pmol h™' geat 17-19
NH3 . .
(aqueous) catalysts faradic efficiency)
Photogatalytlc N2 Reduction to Aml_olent condition, 1-10% (dominated by . L
reduction NH semiconductor H production) 1-10° pmol h™" geat 20
(aqueous) } photocatalysts + light 2P
. Ambient condition,
Plasma reduction non-thermal plasma
(gas-phase or Reduction to - <20% (mixed with 2 103 IR
plasma-liquid NH; povating Na+ NOx Ha, O3 and Ha0) 10 107 Hmol b g 21,22
hybrid) ydrogen source (Hz
Y or H20)
. . Ball milling with o
Ili;[ ef?g:ll;?(}flmlcal II\(I;iuctlon to catalysts under N> ip ;?tegg)ﬁ’ (rarely ~250 pmol h™! gear™! 23,24
’ ’ and Hy/H,0 P
Sonochemical Ambient conditions
reaction (N2-Hz Reduction to hieh-intensit ? <80% (estimated from  1.11 umol h™!, 0.18 mol This work
mixtures, NH3 & Y detectable products) kWh!
ultrasound
aqueous)
Oxidation to . .
_ NO, and Electrl_c arc at >§OOO No specific data ~60 MWh per tonne
Birkeland-Eyde . K, rapid quenching, (newly reported data 25,26
conversion atmospheric air 84% NO2) HNOs
to HNOs
Electrochemical Oxidationto ~ Ambient conditions, <30% selectivity
oxidation of N2 nitrite/nitrate  catalyst/radical (estimated from 10-10° pmol h™! gear™ 27,28
(aqueous) in solution pathways faradic efficiency)
Plasma oxidation C Ambient conditions,
(gas-phase or Qxldatlo_n .to plasma discharge in 20-99% (mixture of
o nitrate/nitrite  ©. _ _ 107'-10° mgnox h™! 29-31
plasma-liquid . . air or on water NO27, NOs~, H202)
. in solution .
hybrid) interface
Sonochemical Oxidationto ~ Ambient conditions
1 4 > _709°, 7 -1
oxidation system nitrate/nitrite  high-intensity 40-70% (mixture of 27.7 pmol h™!, 0.67 mol This work

(air/air—Ar
mixtures)

in solution

ultrasound

NOz7, NOs7, H202)

kWh!
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