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AMMONIA PRODUCTION FROM NITRATE WASTE USING PtRu-BASED CATALYST
FIELD OF THE DISCLOSURE

[0001] The disclosure relates to methods for converting nitrate to ammonia using PtRu-
based catalysts, and more particularly to electrocatalytic and thermocatalytic processes for

conversion of nitrate to ammonia using PtRu-based catalysts.
BACKGROUND

[0002] Nitrate is among the world's most widespread water pollutants, and its
accumulation leads to adverse health effects and environmental damage through algal
blooms and dead zone formation. Multiple approaches have been explored to manage
nitrate contamination of water, including physical separation, biological denitrification,
chemical reduction, catalytic hydrogenation, and electrocatalytic reduction. Each of these

approaches has drawbacks for industrial applications.

[0003] Physical separation can result in fast and large-scale water treatment but produces
a concentrated secondary stream that requires further processing. Current physical nitrate
removal techniques in use at water treatment plants include ion exchange and reverse
osmosis. Although both options are efficient, they produce a concentrated nitrate waste

stream that incurs a high financial cost for disposal.

[0004] Biological nitrate treatment is a more sustainable alternative to convert nitrate to
nitrogen (N2) or ammonia (NH3); however, this process is slow, requires organic nutrients,
and cannot treat streams with cellular toxins. Biological approaches are also ineffective for
treating harsh waste streams (e.g., acidic or containing heavy metals and halides) because

these conditions deactivate or kill the bacteria.

[0005] Chemical reduction and catalytic hydrogenation require continuous external
reducing agents, creating hazards in storage, transportation, and utilization, in addition to

high cost.

[0006] Thermocatalytic nitrate reduction (TNO3;RR) and electrocatalytic nitrate reduction
(ENOsRR) can address many of the concerns and limitations in current processes and
promote the rapid conversion of nitrate to either N2 or NHs. Despite ongoing research in
electrocatalytic denitrification, there lacks a sufficiently inexpensive, active, selective (i.e.,
high faradaic efficiency towards Nz or NHs), and stable catalyst that would enable
widespread application of this technology in acidic media. Rh is currently the most active and
selective pure metal for nitrate reduction towards NHs in acidic media at low overpotentials.
Nitrate adsorbs strong enough on Rh to maintain considerable surface coverages relative to

hydrogen. The higher nitrate coverage promotes high rates of nitrate dissociation, which is
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often the rate-determining step for ENOsRR. However, Rh is extremely expensive, costing
over $8,200/0z. Besides the catalyst cost, another significant cost in an electrochemical
process is electricity, typically accounting for 33% of commodity chemical production. To
reduce operating costs in the system, catalysts need to be active at low overpotentials.
Finding an inexpensive, stable electrocatalyst with activity and selectivity comparable to
those of Rh at low overpotentials is a major challenge for widespread commercial
denitrification. Most studies of TNO:RR have used FPd-hased catalysts that are effective for
converting nitrite to Ny, However, Pd is an expensive platinum group metal and requires a
promoter metal to initiate nitrate reduction to nitrite. Non-preciocus metals have been
explored for TNOsRR to reduce catalyst costs, but are selective towards undesirable
products such as nitrite, NO, or N,O. Additionally, TNO:RR requires materials that can

dissociate Ha.

[0007] in conirast to TNOsRR, the ENO:RR can use materials that are less active toward
H: dissociation by tuning the appiied potential. In both TNG:RR and ENO3RR, there is no

consensus for the best catalyst for nitrate conversion to ammonia.
SUMMARY

[0008] A method for electrocatalytic conversion of nitrate to ammonia can include
contacting a nitrate containing source with an electrode comprising a PtRu,/C catalyst while
applying a potential sufficient to reduce nitrate to thereby convert nitrate present in the
nitrate containing source to ammonia, wherein the PtRu,/C catalyst comprises a carbon
substrate having PtRuy nanoparticles disposed thereon, and x is about 48 at% to about 90

at%, and y is 1-x.

[0009] A method for electrocatalytic nitrate reduction in a flow reactor can include flowing
a nitrate containing source into a working electrode compartment of an electrochemical cell
while applying a potential to the cathode. The electrochemical cell can include a cathode
electrode in the catholyte electrode compartment, and an anode electrode disposed in an
anolyte electrode compartment. The anode electrode compartment is separated from the
cathode electrode compartment by a membrane. The cathode electrode includes a carbon
substrate with a Pt Ruy nanoparticles disposed thereon to form a Pt.Ru,/C catalyst, with x
being about 48 at% to about 90 at%, and y is 1-x. Upon contact with the Pt,Ru,/C catalyst

nitrate is converted to ammonia.

[0010] A method of thermocatalytic conversion of nitrate to ammonia can include
generating H> in an aqueous suspension of a PtiRu/C catalyst, wherein x is about 48 at% to

about 90 at% and y is 1-x, and flowing a nitrate containing source into the suspension
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containing the catalyst and generated H,. Upon contact with the catalyst nitrate in the

nitrate containing source is converted to ammonia.
BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Figure 1A is a schematic illustration of a process of nitrate conversion using

electrocatalytic conversion.

[0012] Figure 1B is a schematic illustration of process of nitrate conversion using

thermocatalytic (left) and electrocatalytic (right) conversion.

[0013] Figure 2A is a graph showing the k-weighted |x(R)| spectra of ex-situ PtRu,/C
catalysts in real space (unadjusted). The signal of the Pt foil in the EXAFS is rescaled by

0.5x to aid comparison against the synthesized PtRu,/C catalysts.

[0014] Figures 2B and 2C are graphs of the XANES spectra for catalysts at (B) Pt Ls-edge

and (C) Ru K-edge showing partial oxidation of the nanoparticle catalysts.

[00156] Figures 2D is a graph of XRD spectra of Pt,Ru,/C with Pt #04-0802 and Ru #06-
0663 standards, respectively.

[0016] Figure 2E is a graph of location of the Pt(111) peak from XRD and the Pt-Ru
coordination number (CN) from EXAFS shown vs. bulk Ru content. The inset provides a
local magnification around the Pt(111) peak between 38 — 42°, and the gray line represents
Pt #04-0802 standard.

[0017] Figure 3 is a graph and associated TEM images for particle size distributions for
(a) PtgoRUm/C, (b) Pt78RUZ2/C, (C) PtssRU37/C, and (d) Pt48RU52/C. The scale bar indicates 20

nm in the micrograph. SD = standard deviation

[0018] Figure 4A is a graph of the electrochemically active surface areas (ECSAs) of
PtRu,/C catalyst glassy carbon electrode determined using hydrogen underpotential

deposition (Hupd) and copper underpotential deposition (Cuupd).

[0019] Figure 4B is a graph of the Ru surface at% from XPS measurements and
discrepancy between the copper underpotential deposition charge (Qcu) and hydrogen
underpotential deposition charge (Qn) normalized to Qcu as a function of bulk Ru

composition.

[0020] Figure 5A is a graph of steady-state nitrate reduction current densities in 1 M
NaNO3 and 1 M H>SO, at eight operating potentials between 0.05 to 0.4 V vs. RHE for

Pt.Ru,/C catalysts, as normalized by Cuypa.
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[0021] Figure 5B is a graph of the reduction current density at 0.1 V vs. RHE for five
compositions of Pt,Ru,/C alloys with Cu,pa normalization. The corresponding plots for 0.05
and 0.075 V vs. RHE are given in Figures 5C-5E.

[0022] Figures 5C-5E are graphs of the reduction current density at (C) 0.05 V, (D) 0.075
V, and (E) 0.1 V vs. RHE as normalized to both Hyya and Cuypq active sites. Steady-state
measurements were conducted in 1 M H.SO4 + 1 M NaNOs. Each potential is applied for 5
min with RDE rotation of 2500 rpm.

[0023] Figure 6A are schematic illustrations of binding energies and geometry of the
strongest-binding adsorbed O positions for (211) Pt.Ruy surface slab models (denoted “s-
PtRu,”) with Ru content up to 50 at%. Solid black line denotes the supercell. Atom color

legend: gray = Pt and dark gray large circles = Ru.

[0024] Figure 6B is a graph of ENO3RR volcano plot contours at 0.1 V vs. RHE. Each
point represents the strongest predicted binding energy on a specified PtRuy random
surface alloy or pure metal surface, for Ru surface compositions up to 50 at% (the same
range as in experiment). The corresponding plot containing points for Ru surface

compositions above 50 at% appears in Figure 6D.

[0025] Figure 6C is a graph showing a comparison between the log (TOF / s™") values
calculated from DFT and the magnitude of the current densities obtained via experimental

results at 0.1 V vs. RHE as a function of bulk Ru at%.

[0026] Figure 6D is a graph showing a theoretical volcano plot at 0.1 V vs. RHE showing
nitrate reduction activity of Pt;Ruy, Pt(211), Ru(211), and the Pt3Ru(211) point. The
predicted N and O binding energies were overlaid on a map of catalyst turnover frequency

(TOF) as a function of N and O binding energies.

[0027] Figure 6E is a graph showing Comparison between the log (TOF / s™') values
calculated from microkinetic modeling and the magnitude of the current densities obtained

via RDE experiments. Active sites were detected and normalized by Cuypa.

[0028] Figure 7A is a graph showing the FE towards ammonia production for five different
PtRuy, compositions supported on carbon felt (CF) after applying 0.1 V vs. RHE for seven
hours in 0.1 M HNOs. No nitrite was detected using ion chromatography and “Other

Products” make up the potential gas-phase products that were not examined.

[0029] Figure 7B is a graph showing the total (solid bars) and partial (striped bars) current

densities towards ammonia production with Pt,Ru,/CF. Normalized to the ECSA from Cuypq.

[0030] Figure 8 is a schematic illustration of NaBH4 synthesis procedure for making
Pt.Ru,/C catalyst.
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[0031] Figures 9A-9D are graphs showing the unadjusted raw XAFS spectra for Pt.Ru,/C
catalysts at the Pt Ls-edge as (A) normalized XANES spectra (also shown in Figure 2B),

(B) EXAFS in the k-space, (C) magnitude of the R-space (also shown in Figure 2A), and
(D) the imaginary R-space. The black lines represent the measured spectra for the Pt foil,

which has been rescaled by 0.5x in the k- and R-space.

[0032] Figures 10A-10F are graphs of measured and fitted EXAFS spectra for (A, B) Pt
foil, (C, D) Pt100/C, and (E, F) PteoRu10/C in R- and k-space, respectively. The experimental
data is presented as the solid lines, whereas the dashed lines represent the fits. Paths for
the Pt foil only include Pt-Pt, whereas the Pt.Ru,/C include Pt-Pt, Pt-O, and Pt-Ru fitted with
R-range = 1to 3 A and k-range = 3to 15 A~".

[0033] Figures 11A-11F are graphs of measured and fitted EXAFS spectra for (A, B)
PtsRu22/C, (C, D) Pts3sRus7/C, and (E, F) PtssRus2/C in the R- and k-space, respectively. The
experimental data is presented in the solid lines, whereas the dashed lines represent the
FEFF fits. Paths include Pt-Pt, Pt-O, and Pt-Ru fitted with R-range = 1 to 3 A and k-range =
3to 15 A",

[0034] Figures 12A-12D are the unadjusted raw XAFS spectra for Pt.Ru,/C catalysts at
the Ru K-edge as (A) normalized XANES spectra, (B) in the k-space, (C) magnitude of the
R-space, and (D) the imaginary R-space. The black lines represent the measured spectra for

the Ru foil, which has been rescaled by 0.5x in the k- and R-space.

[0035] Figure 13 is a transmission electron microscopy (TEM) image PtzsRux/C at 1.5

million magnification.

[0036] Figures 14A-14D are graphs of electrochemical surface area measurements. All
Hupa @and Cuupa experiments were performed in 0.1 M H>SO4 and 0.1 M H2SO4 + 2 mM
CuSOq, respectively. (A) Hypa @and Cuyps experiments of Ptig/C at 100 mV s™' scan rate. The
peak at 0.3 V vs. RHE represent bulk Cu stripping, whereas the smaller peaks from ~0.4-0.8
V vs. RHE is the Cuyw region (highlighted box). (B) Hupa CV and Cuye LSV baseline on
Vulcan carbon at 100 mV s™ scan rate. (C) A ratio of copper underpotential deposition
desorption charge (Qcu) and hydrogen underpotential desorption charge (Qn) on Ptig/C was
used to the find the deposition potential for a monolayer of adsorbed Cu. Epep is the applied
deposition potential for 120 seconds. (D) Hupa and Cuypa ECSAS at varying scan rates for

commercial PtRu/C.

[0037] Figures 15A-15E are graphs showing baseline Hya CVs in 0.1 M H>SO4 and
corresponding Cuypg LSV in 0.1 M H>SO4 and 2 mM CuSQ4 at 100 mV s~ for (A) Pt1eo/C, (B)
PtgoRUm/C, (C) Pt78RUZ2/C, (D) PtssRU37/C, (E) PtssRus,/C.
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[0038] Figures 16A and 16B are X-ray photoelectron spectra shown for (A) Pt/C and (B)
Ru/C. The signal intensity from these regions represent the amount of Pt and Ru on the

surface of the material.

[0039] Figure 17 is a graph showing a comparison of current densities between
synthesized catalysts and their commercial counterparts. The activities were tested in 1 M

H>SO4 + 1 M NaNOsz and currents were normalized by Hypq.

[0040] Figures 18A is graphs of cyclic voltammetry of commercial Ru/C in 1 M H>SO4
showing scanning at 100 mV/s, cycles in the oxidation region over time shows an increase in

oxidation onset potential.

[0041] Figure 18B is a graph of cyclic voltammetry of commercial Ru/C in 1 M H>SO4 for
showing a comparison of Ru/C with Pt/C after 50 electrochemical pretreatment cycles
showing little to no faradaic activity for Ru/C, which is attributed to Ru leaching into the

electrolyte solution.

[0042] Figures 19A-19E are graphs of the last three cycles of Hypa CVs in 1 M HxSO4
before steady-state measurements for (A) Ptioo/C, (B) PteoRu1o/C, (C) PtzsRu2./C, (D)
PtssRU37/C, and (E) PtssRU37/C.

[0043] Figures 20A is a graph showing the current densities for commercial Pt/C, RH/C,
and the PtzsRux/C catalysts of the disclosure at four different applied potentials. The
electrolyte solution consisted of 1 M H,SO4 + 1 M NaNOs. The measured currents were all

normalized via Hupq Of the active sites.

[0044] Figure 20B is a graph showing the metal cost to purchase sufficient catalyst to
convert 1 mole of NOs~ per hour based on activity of catalysts at 0.05 V vs. RHE and 0.1 V
vs. RHE.Figure 21 are graphs showing Linear adsorbate scaling relationships between N, O,
H*, and NOs™ ion PtRuy alloys. Dashed lines are linear least-squares fits, and r? is the
coefficient of determination. Electronic binding energies are reported at 0 Kand 0 V vs.
RHE, and Gibbs binding energies are at 298.15 Kand 0 V vs. RHE.

[0046] Figure 22 is a Brgnsted-Evans-Polanyi plot for the NO3 — NO3; + 0" dissociation on
Pt«Ruy surfaces, along with Rh(211) and Ru(211).

[0047] Figures 23A and 23B are schematic illustrations of initial, transition state, and final
geometries for CI-NEB calculations for each surface model. Electron energies are relative to

the initial state. Solid black lines denote the boundary of the periodic supercell.

[0048] Figure 24 is a schematic illustration of top views of the supercells of the

PtRuy(211) surfaces, as well as Rh(211) and Ru(211) for comparison. Each surface is
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FCC(211), so that the rightmost column of atoms is the highest in the z direction (normal to

the surface). Dark grey = Ru, lightest grey = Pt, darkest grey = Rh.

[0049] Figure 25 is a schematic illustration of nitrogen atom adsorption on the PtRuy
alloys. The strongest N binding energy is reported for each Pt;Ruy, composition in eV, as well
as Rh(211) and Ru(211) for comparison. Black solid lines denote the supercell. Dark grey =

Ru, lightest grey = Pt, small circles = N, darkest large circle = Rh.

[0050] Figure 26 is a schematic illustration of oxygen atom adsorption on the PtRuy
alloys. The strongest O binding energy is reported for each Pt.Ruy, composition in eV, as well
as Rh(211) and Ru(211) for comparison. Dark grey = Ru, lightest grey = Pt, dark small

circles = O, darkest grey large circles = Rh.

[00561] Figure 27 is a schematic illustration of NO;~ adsorption on Pt,Ruy alloys. The
strongest NOs™ binding energy is reported for each Pt,Ruy, composition in eV, as well as
Rh(211) and Ru(211) for comparison. Dark grey = Ru, lightest-grey = Pt, darkest large circle
grey = Rh.

[0052] Figure 28 is a schematic illustration of hydrogen adsorption on Pt.Ruy alloys. The
strongest H binding energy is reported for each Pt.Ruy, composition in eV, as well as Rh(211)
and Ru(211) for comparison. Darkest gray dark grey= Ru, mid-grey = Pt, lightest grey = H,
darkest grey = Rh.

[0063] Figure 29 is graphs showing N, O, H, and NO3~ binding energies sampled on the
PtRuy alloys, Ru(211), and Rh(211). Each point represents an adsorption calculation, and
the solid lines track the strongest binding energies as a function of alloy composition.
Electronic binding energies are reported at 0 K (except for NOs~ binding free energies, which

are reported at 298.15 K using a thermodynamic cycle).

[0054] Figure 30 is a graph showing the strongest DFT-predicted binding free energies of
NOs™ on Pt,Ruy surface alloys, Ru(211), and Rh(211). Each inset shows a representative
example of the adsorption motif for each cluster of binding energies. Binding free energies
are reported at 298 Kand 0 V vs. RHE.

[0065] Figure 31 is a graph showing Campbell degree of rate control (DRC) factor for all
elementary steps as a function of O and N binding energies at 0.1 V vs. RHE. The
Pt:Ru(211) point is shown for comparison. All computed DRC values were clipped to the
range [—2.0, 2.0]. White regions outside each envelope indicate O and N binding energies for

which at least one surface reaction barrier is unphysical (negative).

[0056] Figure 32 is a graph showing concentration of nitrate as a function of time during

electrolysis at applied potential of 0.1 V vs. RHE in 0.1 M HNO; for the five synthesized
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catalysts. The error bars indicate the propagated error obtained from measurement and

sampling variability.

[0057] Figures 33A and 33B are graphs showing performance of PtRu,/CF over a seven-
hour reaction. A) Faradaic efficiency of Pt<Ru,/CF towards NH3z over seven hours at applied
potential of 0.1 V vs. RHE. (B) Total charge of Pt;Ru,/CF during the reaction.

[0068] Figures 34A is a graph showing a comparison of Pt,Ru,/C activity for nitrate
conversion at different hydrogen partial pressures in thermocatalytic nitrate reduction
reaction (TNO3;RR) based on ammonia production rate. All measurements were performed in
pH 7 solution with 0.1 M NaNOs. Assuming all electrons for ENOsRR go to ammonia, a

current density of 1 yA-cm™2 is equivalent to a TOF of 31 min™ on Pt/C

[0059] Figure 34B is a graph showing a comparison of PtRu,/C activity for nitrate
conversion at different applied potentials in ENO;RR. All measurements were performed in
pH 7 solution with 0.1 M NaNOs. Assuming all electrons for ENOsRR go to ammonia, a
current density of 1 yA-cm™2 is equivalent to a TOF of 31 min™" on Pt/C. Hydrogen pressure
is shown increasing right to ieft in Figure 34A to maich the convention for less positive

applied potential increasing the driving force for proton reduction in Figure 34B.

[0060] Figure 35 is a graph showing the activity of PtRu/C as a function of nitrate
concentration in pH 7 solution. The activity of the TNOsRR and ENO3RR is defined in TOF
(min™") and |Current Density| (WA-cm™), respectively. All experiments were performed at
room temperature (23.3 °C), and the hydrogen partial pressure for TNOs:RR was set at 0.5

atm. 100% selectivity to ammonia was assumed for ENO3;RR measurements.

[0061] Figure 36A is a graph showing Arrhenius plots of PtRu/C for thermocatalytic nitrate
reduction reaction (TNO3RR) and electrocatalytic nitrate reduction reaction (ENOs;RR) at pH
1 and pH 7. Temperatures for TNOsRR experiments range from 20-50 °C and 10-30 °C for
ENOs;RR. The activity of the TNO3;RR and ENO;RR is defined in TOF (min~") and [Current
Density| (MA-cm™2), respectively. 100% selectivity to ammonia was assumed for ENO3;RR

measurements.

[0062] Figure 36B is a graph showing a comparison of apparent activation energy (E,)
and faradaic efficiency (FE) towards NHs across different solution pH and reaction systems.
The light-purple solid bars denote E, from ENO3;RR and dark-purple striped bars denote E,
from TNOsRR. Hz partial pressure was set at 0.5 atm and FE experiments were performed at
0.1 Vvs. RHE.

[0063] Figure 37 is a graph showing absolute current densities for pH 0-10in 1 M NaNO-
using PtRu/C at different applied potentials vs. RHE. The electrolyte solution at each pH is:
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pHO —1M HxSO4, pH 1-0.1 M H2SO4, pH 3 — 0.1 M sodium citrate + 0.1 M citric acid, pH 5
— 0.2 M sodium acetate + 0.2 M acetic acid, pH 7 — 0.2 M sodium phosphate + 0.1 M citric

acid, pH 10 — 0.1 M sodium carbonate + 0.1 M sodium bicarbonate.

[0064] Figure 38 is a graph showing a thermal gravimetric analysis data of the Vulcan
carbon-based catalysts in air. Treatments were conducted by first degassing the samples in

He at 100 °C before ramping at 10 °C/min.

[0065] Figure 39 is a graph showing X-ray diffraction spectra of PtxRuy/C catalysts with
Cu Ka radiation and a Ni filter (A = 1.5418 A) from 10° to 90° 26 range. Crystallite sizes were
estimated by applying the Scherrer equation and the Pt and Ru peaks are referenced to #04-
0802 and #06-0663, respectively.

[0066] Figures 40A-40D are scanning electron microscopy images of (A) PY/C, (B)
Pt7sRu2s/C, (C) PtRu/C, and (D) Ru/C. The accelerating voltage is set at 10 kV with 5 mm

working distance.

[0067] Figures 41A-41D are images showing an overlay of elemental analysis from
energy-dispersive X-ray spectroscopy on SEM images for (A) Pt/C, (B) PtzsRus/C, (C)
PtRu/C, and (D) Ru/C.

[0068] Figure 42 is a graph showing measured ammonia production rate for TNO;RR on
PtRu/C at pH 2 and 0.01 M NaNO; at stir rates from 500-1000 rpm. Average ammonia
production rates are written inset. Experiments were performed at room temperature (23.3

°C) and the partial pressure of H2 was 0.5 atm.

[0069] Figures 43A-43D are graphs of initial baseline measurements for TNO3;RR
measurements. Nitrate, nitrite, and ammonia concentration under reaction conditions (pH 2,
0.01 M NaNO:,) (A) with no added catalyst and (B) with Vulcan carbon support only. (C)
Known concentration of ammonia over 90 min of reaction to ensure no ammonia evaporation
from H2 bubbling into the system. (D) Comparison of the nitrate concentration of reaction
with 50 mg of Pt/C and 10 mg of PtRu/C. Ammonia and nitrite concentrations throughout the

reaction from Pt/C.

[0070] Figures 44A and 44B are graphs showing a Langmuir-Hinshelwood model of
ENOsRR activity for PtxRuy/C catalysts as a function of nitrate concentration at (A) pH 1 and
(B) pH 7. All experimental data points are collected at 0.1 V vs. RHE. Coefficient of

determination R? is written inset.

[0071] Figures 45A-45B are graphs of SSM and MSM Langmuir-Hinshelwood models of
ENOsRR activity for PtxRuy/C catalysts as a function of pH. (A) LH fitting for data collected
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between pH 0-7. (B) SSM for pH 0-3, and (C) MSM for pH 0-3. All experimental data points
are collected at 0.1 V vs. RHE.

[0072] Figure 46 is a graph showing a comparison between the faradaic efficiency of 10
mg of PtRu/C deposited on carbon felts in pH 1 (0.1 M HNO3) and pH 7 (0.2 M sodium
phosphate + 0.1 citric acid) electrolyte solution. Both experiments are conducted with 0.1 M
nitrate at 0.1 V vs. RHE for at least 6 hrs.

[0073] Figure 47 is a graph of a Tafel analysis of PtRu/C for pH O — 10. The electrolyte
solution at each pHis: pH 0 -1 M H2S04, pH 1-0.1 M H2S0O4, pH 3 - 0.1 M sodium
citrate + 0.1 M citric acid, pH 5 — 0.2 M sodium acetate + 0.2 M acetic acid, pH 7 - 0.2 M
sodium phosphate + 0.1 M citric acid, pH 10 — 0.1 M sodium carbonate + 0.1 M sodium

bicarbonate.

[0074] Figure 48 is a graph showing a comparison between the faradaic efficiency of 10
mg of PtRu/C deposited on carbon felts in pH 1 (0.1 M HNO3) and pH 7 (0.2 M sodium
phosphate + 0.1 citric acid) electrolyte solution. Both experiments are conducted with 0.1 M
nitrate at 0.1 V vs. RHE for at least 6 hrs.

[0075] Figure 49A is a graph showing a Pt 4d scan of the PtRu/C catalyst deposited onto
a glassy carbon disk before and after operation at 0.1 V vs. RHE in sodium

carbonate/sodium bicarbonate (pH = 10) for 8 hours.

[0076] Figure 49B is a graph showing a Ru 3p scan for the same catalysts as in Figure
49A.

[0077] Figure 50 is a graph showing the calculated ionic strength of all pH solutions for
ENO3RR experiments. The electrolyte solution at each pH is listed: pH 0: 1 M H2S04, pH 1:
0.1 M H2S04, pH 3: 0.1 M sodium citrate + 0.1 M citric acid, pH 5: 0.2 M sodium acetate +
0.2 M acetic acid, pH 7: 0.2 M sodium phosphate + 0.1 M citric acid, pH 10: 0.1 M sodium

carbonate + 0.1 M sodium bicarbonate.

[0078] Figure 51A is a top view of a partially assembled flow cell with a counter electrode
(CE) compartment assembled showing the CE carbon felt and the membrane laying on top
of the CE. The gasket and flow field for the working electrode (WE) are spread out in the

order they would be assembled from left to right until the current collector on the right.

[0079] Figure 51B is a photograph of the flow cell of Figure 51B as assembled, showing
the inlets, which during operation, are connected to two syringe (WE and CE input) in a

syringe pump.

[0080] Figures 52A-52D are graphs of Hypa and Cuypa, which were used to estimate the

electrochemically active surface area of Rh/C, Pt/C, and PtRu/C deposited onto either a
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glassy carbon electrode (RDE, dashed lines) or a carbon felt (flow cell, solid lines). Hupd
current densities for (A) Rh/C were taken at 50 mV/s. For (B) Pt/C, the Hypa was measured at
50 mV/s in the batch cell and at 5 mV/s in the flow cell. The flow cell currents for P/C are
multiplied by 10 times to account for the difference in scan rate. The Hyyq for (C) PtRu/C was
taken at 100 mV/s and 50 mV/s on the RDE and carbon felt in the flow cell, respectively. The
currents for PtRu/C in the flow cell are multiplied by 2 to compare to the RDE Hyw currents.
All Hyps measurements were taken in de-oxygenated 0.1 M H>SO4. (D) Cuypa current density
and the corresponding baseline current density (without CuSQ,) are given for PtRu/C
deposited on a glassy carbon RDE in 0.1 M H>SO4 + 2 mM CuSO, at 100 mV/s.

[0081] Figure 53A-53C are graphs Hypd and Cuypa currents at 50 mV/s in 0.1 M H>SO4 for
(A) Rh/C, (B) P/C, and (C) PtRu/C on RDE before and after the electrode was used for

electrocatalytic nitrate reduction at 0.1 V vs. RHE in 0.1 M HNO;. CA = chronoamperometry.

[0082] Figures 54A and 54B are graphs showing steady-state nitrate reduction current
density (j, solid lines) and partial current density to ammonia (dashed lines) at 0.1 V vs. RHE
on PY/C (circles), Rh/C (squares), and PtRu/C (diamonds) in 0.1 M HNO:s at different (A)
rotation rates in the batch cell with catalyst on a rotating disk electrode and (B) flow rates in

the flow cell with catalyst supported on a carbon felt.

[0083] Figures 55A-55C are graphs showing steady-state nitrate reduction current density
(j) and partial current density to ammonia (jnns+) at potentials between 0 and 0.2 V vs. RHE
in the batch cell at 2000 rpm and the flow cell at 2 mL min™ for (A) Pt/C, (B) PtRu/C, and (C)
Rh/C in 0.1 M HNOs. Open symbols represent partial current densities.

DETAILED DESCRIPTION

[0084] Thermocatalytic nitrate reduction (TNO3;RR) and electrocatalytic nitrate reduction
(ENOsRR) can address many of the concerns and limitations in current processes and
promote the rapid conversion of nitrate to either N> or NHs;. The electrocatalytic nitrate
reduction reaction (ENOsRR) uses protons and electrons, which removes the need for an
external H; stream and can be powered via renewable electricity. Referring to Figure 1A,
ENO:RR converts aqueous NOz™ to NO2™ and then to products such as HNO», NO, NH.OH,
NHs, N2O, and N2. As shown also shown in Figure 1B, TNOs;RR converts aqueous NO;™ to
NO; and then to produce NO and products such as N2, N.O, and NHs. Preferential
selectivity towards N2 or NH; is often the target in literature. N2 is a benign, easily separable,
and the most stable nitrate reduction product with a standard redox potential (E°% of 1.25 V
vs. RHE. NH3 is a commodity chemical that would, in principle, reduce the reliance on the

Haber-Bosch process for ammonia production if made from NO3;RR (E°= 0.82 V vs. RHE).
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Producing NHs from NOs™ is kinetically more accessible than breaking the N triple bond, and

NOsRR may enable decentralized ammonia production using renewable electricity.

[0085] A method for electrocatalytic conversion of nitrate to ammonia can include
contacting a nitrate containing source with a working electrode comprising the Pt.Ru,/C
catalyst while applying a potential sufficient to reduce nitrate to thereby convert nitrate
present in the nitrate containing source to ammonia. The method will also result in oxidation

of water to oxygen.

[0086] The electrocatalytic conversion method can include flowing a nitrate containing
source into a working electrode compartment of an electrochemical cell while applying a

potential to the working electrode sufficient to reduce nitrate.

[0087] The working electrode can be the cathode and the counter electrode can be the
anode. In such an arrangement, the working electrode compartment is the catholyte
electrode compartment and the anode is disposed in an anolyte electrode compartment.
The catholyte and anolyte compartments (or working and counter electrode compartments)
can be separated by a membrane. The working electrode, which can be the cathode,
includes the Pt.Ru,/C catalyst. Upon contact with the catalyst, the nitrate present in the

nitrate containing source is converted to ammonia.

[0088] The nitrate containing source in electrocatalytic methods can have a pH of about 5

to about 7. For example, the pH can be 5, 6, 7 or any ranges defined between such values.

[0089] The working electrode, which can be the cathode, can have a catalyst loading of
about 0.1 mg per cm? to about 10 mg per cm?. Other suitable values include about 0.1, 0.2,
0.3,0.4,05,06,0.7,0.8,09,1,2,3,4,5,6, 7,8, 9or 10 mg per cm? or any values defined

between such ranges.

[0090] A method of thermocatalytic conversion of nitrate to ammonia can include
generating H in an aqueous suspension of the PtRu,/C catalyst and flowing a nitrate
containing source into the suspension. Upon contact with the catalyst, nitrate in the nitrate
containing source is converted to ammonia. The suspension can be maintained at a
temperature of about 25 °C to about 90 °C. For example, the suspension can be maintained

at room temperature.

[0091] In methods of thermocatalytic conversion, the aqueous suspension can have a pH
of about 1 to about 5. For example, the pH can be about 1, 2, 3, 4, or 5 or any ranges

defined between such values.

[0092] The aqueous suspension can be stirred while flowing the nitrate containing source

into the suspension. For example, the aqueous suspension can be stirred at a rate of about
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100 rpm to about 10,000 rpm, about 1000 rpm to about 5000 rpm, about 1000 rpm to about
3000 rpm, or about 6000 rpm to about 9000 rpm. Other suitable rates, include, about 100,
200, 300, 400, 500, 600, 700, 800, 900, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000,

9000, or 10,000 rpm or any ranges defined between such values.

[0093] The H2 can be generated by applying a potential to the aqueous suspension to
generate H: through water splitting. Alternatively or additionally, H> can be generated by

sparging the suspension with Hz gas.

[0094] The catalyst can be present in the aqueous suspension in an amount of about 1
mg catalyst per liter aqueous suspension to about 100 mg catalyst per liter aqueous
suspension. Other suitable catalyst amounts per liter aqueous suspension include about 1,
2,3,4,5,6,7,8,9, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100,

and any ranges defined between and such values.

[0095] In any of the methods herein, the nitrate containing source can be wastewater,
agricultural runoff, refuse runoff, sewage waste, low-level nuclear waste, and urban
drainage. Other sources of nitrate can also be contemplated herein as suitable sources to be
processed to ammonia. The nitrate can be present in the nitrate containing source in

concentrations about 1 mM to about 1000 mM.

[0096] The nitrate containing source can undergo any suitable preprocessing if needed,
for example, to concentrate or dilute the nitrate concentration. For example, the nitrate
source can be pretreated by concentration to increase the nitrate concentration by various
methods such as reverse osmosis, electrodialysis, or the like. Other pretreatments can

include removal of heavy metal ions that may act as catalyst poisons.

[0097] Methods of the disclosure can have improved Faradaic Efficiency toward
ammonia. For example, methods the disclosure can have an FE of ammonia of at least

about 85%, at least about 88%, at least about 90%, or at least about 95%.

[0098] Methods for electrocatalytic conversion and thermocatalytic conversion utilize a
PtRu,/C catalyst. The catalyst can include a carbon support having Pt<Ruy nanoparticles
disposed thereon, wherein x is about 48 at% to about 90 at% and y is 1-x. Other suitable
values for x can include about 50 at% to about 80 at%, about 75 at% to about 90 at%, or
about 65 at% to about 85 at%. For example, x can be about 48, 49, 50, 52, 54, 56, 58, 60,
62, 64, 66, 68, 70, 72, 74, 76, 78, 80, 82, 84, 86, 88, 90 at% or any ranges defined between

such values.

[0099] The PtRuy nanoparticles can have a, average diameter, as measured by

transmission electron microscopy or estimated using extended X-ray absorption fine
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structure, of about 2 nm to about 6 nm, about 2 nm to about 5 nm, or about 2 nm to about 4
nm. For example, the average diameter can be about 2, 3, 4, 5, or 6 nm or any ranges
defined between such values, as measured by transmission electron microscopy or

estimated using extended X-ray absorption fine structure.

[0100] For electrocatalytic any suitable carbon support can be used. The support could be
carbon black, for example. For example, the support can be a substrate such as carbon felt.

The carbon felt can be disposed on a graphite rod for electrocatalytic conversion methods.

[0101] Methods of electrocatalytic conversion in accordance with the disclosure can utilize
electrochemical flow cells configurations. In such configurations, the counter electrode can
include a carbon substrate having a conductive catalyst disposed thereon. The conductive

catalyst can be, for example, RuQz, IrO,, and mixtures thereof.
Surface characterization of the supported Pt,Ruy alloys

[0102] In many PtRuy systems, changing the synthesis temperature or support can
drastically alter the level of Pt-surface enrichment. Thus, alloys with the same bulk
composition may have different levels of activity depending on the composition of the metals

on the surface that catalyze the reaction.

[0103] Accurately determining the ECSA allowed for counting the number of surface Pt
and Ru sites, which served to both normalize measured activity for qualitative comparison to
theory and quantify the surface composition. Because each surface Pt atom adsorbs
approximately one hydrogen atom, the charge associated with hydrogen adsorption and
desorption is often used to calculate the ECSA. However, this well-known Hyyq technique
was unsuitable for Ru-based materials due to overlapping hydrogen and ruthenium oxidation
currents. Additionally, more than one monolayer of hydrogen may adsorb onto Ru sites. To
overcome this challenge for Pt Ru,/C alloys, copper underpotential deposition (Cuypd) was
used because there is roughly one Cu atom electrodeposited per surface Pt or Ru site
(Figure 14A). It was ensured that no Cu adsorbed to the surface of the carbon support
(Figure 14B) and determined that a single monolayer of Cu adsorbs on Ptie/C at 0.42 V vs.
RHE based on a charge ratio of Cu:H = 2 (Figure 14C). Cuyps was also performed at
different scan rates to ensure there was no significant impact on the measured ECSA
(Figure 14D). 0.42 V vs. RHE was selected as the deposition potential for all Pt.Ru,/C
catalysts (Figure 15). This was based on close agreement between the ECSA results using
Cuups @and Hypa at low Ru%. Under the assumption that copper atoms adsorb on the
electrode surface at the same sites as the hydrogen atoms, the ratio of copper and hydrogen
charge was expected to be two on the Pt nanoparticles. 0.42 V vs. RHE was determined as

the potential for adequate formation of a Cu,p monolayer without interference from bulk Cu.
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At deposition potentials lower than 0.42 V vs. RHE, the charge ratio is greater than two,
meaning that bulk Cu could still be adsorbed to the surface. There was a loss in charge
above 0.42 V vs. RHE, indicating that the underpotential monolayer is not fully formed. This
deposition potential of 0.42 V was used to measure the Cuypq of all PtRu,/C materials
(Figure 15A-15E).

[0104] Even though the selected deposition potential may slightly change the ECSA (A10
mV in deposition potential is + 0.014 cm?in ECSA), it was not believed that it would
significantly impact the changes observed in the measured activities of the alloy. After
measuring the charge of the Cuupa peak, the ECSA is calculated by assuming that a single
Cu atom will bind to Pt or Ru with a 1:1 ratio and that two electrons are transferred from
Cu?*. The Cuypa values used to normalize the current activity are determined prior to kinetic
experiments performed in fresh electrolyte solution. Due to the small differences in the
amount of catalyst deposited on the glassy carbon electrode and contact with the electrolyte
solution, the ECSA may vary up to 30% from run to run, so reported activities were
normalized to the ECSA from a particular run. The normalized current densities for each

catalyst were reproducible when normalizing to the ECSA for that deposition.

[0106] The measured ECSAs from both Hypd and Cuupd are shown in Figure 4A.
Regardless of the measurement technique, the ECSA for the five different compositions of
Pt«Ru,/C catalysts ranges between 0.20-0.35 cm?, which was lower than the ECSA for
commercial Pt/C and PtRu/C catalysts (Table 1).

[0106] The commercial Pt/C and PtRu/C both had higher ECSA compared to the
synthesized materials despite having the same metal loading. This may arise because the
commercial catalysts had higher dispersion, therefore a smaller average particle size
calculated from XRD. The ECSA of synthesized Pt,Ru,/C ranged from 0.2-0.4 cm,
regardless of measurement technique. The difference between the ECSASs of Hypa and Cuypd
increases as the Ru content increases because more than one hydrogen binds to Ru active
sites. The Cuyp approach eliminates the over counted sites because only one Cu atom

adsorbs per Ru site.

Table 1. Measured electrochemical active surface area from Huypa and Cuypg technique for

commercial and synthesized PtRu,/C catalysts.

Catalysts Hupa (cm?2)  Cuypg (cm?)
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Pt/C — commercial 0.94 0.94
PtRu/C — commercial 0.71 0.51
Pt100/C 0.36 0.36
PtgoRUm/C 0.22 0.22
Pt78RUZ2/C 0.25 0.20
PtssRU37/C 0.35 0.29
Pt48RU52/C 0.34 0.22

[0107] The Hypa and Cuwpa ECSA measurements increasingly disagree as the bulk Ru at%
increased. Without intending to be bound by theory, it is believed that this phenomenon is
attributable to more than one hydrogen adsorbing per Ru site, such that Hupa Over-counts the
ECSA when Ru is present on the surface, causing a disagreement between Hyps and Cuypd
that increases with increasing surface Ru. The increasing discrepancy between Hypq and
Cuypd charge ((Qn — Qcu)/Qcu) is shown in Figure 4B, which correlates with increased surface
Ru at% as the bulk Ru at% increases. Likewise, the surface composition from ex-situ XPS
(Figure 16 and Table 2) shows a similar trend as bulk Ru at% increases. The qualitative
agreement between the ex-situ XPS Ru surface composition and the Ru surface
composition in electrolyte implies minimal restructuring of the surface upon exposure to the
supporting electrolyte. The Cu,pa ECSAs measured here will be used to normalize the

activity of the catalysts in the next section unless specified otherwise.

[0108] X-ray photoelectron spectroscopy (XPS) was conducted using a Kratos Axis Ultra
X-ray photoelectron spectrometer. While keeping the analysis chamber at 1x107° Torr, a
monochromatic Al X-ray source (10 mA and 12 kV) was used with a pass energy of 12 eV
and step size of 1 eV. Collected spectra were calibrated by positioning the C(1s) peak at
248.8 eV. Survey scans ranged from 600-0 eV while the narrow scans were performed
between 370-300 eV and 510-450 eV for Pt 4d and Ru 3p, respectively (Figure 16). The
resulting Pt 4d and Ru 3p peaks were fitted with the Shirley-type background with the
CasaXPS software. The relative compositions were determined by integrating the peaks and

normalized by the relative sensitivity factor for Pt 4d and Ru 3p.

[0109] The data from Table 2 is plotted in Figure 4B and shows that the surface Ru at%
from XPS correlates with the bulk Ru at% obtained from ICP-MS. At lower Ru loading, the

bulk and surface concentrations are more similar than that at higher Ru loading.

Table 2. Comparison between bulk Ru at% determined from ICP-MS and surface Ru at%
determined from Ru XPS intensity. The naming convention of the catalysts are based on the

bulk at% of the metals.
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Catalysts Bulk Ruat%  Surface Ru at% |I:tli=. r)l(:tsy
Pt10o/C 0 0 0
PtaoRU10/C 10 12 29326
Pt;sRu22/C 22 25 6221.5
Pts;Rusr/C 37 55 171726
PtssRus2/C 52 58 18634.2

Density functional theory modeling

[0110] All DFT calculations used the Vienna Ab Initio Simulation Package, version 5.4.4.
Calculations used the projector-augmented wave method with an energy cutoff of 400 eV,
the PBE functional, and Gaussian smearing of 0.2 eV. For surface calculations, the Brillouin
zone was sampled with a 6x6x1 Monkhorst-Pack k-point grid. Self-consistent electronic
calculations used a between-iteration tolerance of 10™* eV and ionic relaxation proceeded

until all forces on atoms were less than 0.02 eV/A.

[0111] The alloy catalysts were constructed using the Atomic Simulation Environment
software package, version 3.17.0. Nine random surface alloys were created based on a
3x4x4 supercell of Pt(211), using a Pt lattice constant which was optimized (3.97677 A) with
the PBE functional on a 16x16x16 k-point grid. For all simulations, the surface slab
contained four layers of atoms, where the bottom two layers were constrained to their bulk
positions and the top two layers could relax. Surface alloy models were prepared by
randomly assigning each of the 12 atoms in the top surface layer as either Pt or Ru, resulting
in surface compositions ranging from 0 at% Ru to 50 at% Ru. Surfaces were then geometry-

optimized with a vacuum of at least 15 A in the z direction.

[0112] The Pymatgen software package was used to locate unique adsorption sites. The
electronic binding energy AE, of species A was calculated with respect to the bare surface
and the electronic energy of species A in the gas phase. Aqueous-phase NO;~ adsorption
Gibbs free energies were obtained at 298.15 K and 0 V vs. RHE using a thermodynamic

cycle.

[0113] The catalyst activity was predicted by relating the gas-phase electronic binding
energies of atomic O and N (AE, and AEy) to the overall mean-field kinetics of the nitrate
reduction reaction. This task was accomplished by using a theoretical volcano plot. The PBE
functional and face-centered cubic (FCC) (211) facet were chosen to enable the comparison
of results with its theoretical volcano plot. This was also considered an appropriate
comparison to the synthesized PtRuy particles because only Ru compositions was

considered for which PtRuy particles form in an FCC lattice.
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[0114] The nitrate-to-nitrite dissociation barrier (NO; + « 2 NO3 + 0*) for each random
surface alloy slab was computed using the climbing-image nudged elastic band (CI-NEB)
method. The band was formed with five interior images linearly interpolated between the
initial and final endpoint geometry. CI-NEB relaxation used spring forces of 5 eV A~
between images and the same electronic and force tolerance parameters as the adsorption

calculations.

[0116] For each NEB calculation, the initial image was the relaxed geometry of NO3 at its
optimal [O—-Q]-chelating binding position on the third ridge of each FCC(211) material. The
final endpoint was formed by assuming an elementary step in which one of the basal O
atoms migrates to a neighboring bridge site up or down the third ridge, following which the
remaining NO, fragment rotates downward into a [N-O]-chelating position. Figure 23 shows
the initial, transition state, and final images for each CI-NEB calculation performed to

calculate the activation barrier for nitrate-to-nitrite dissociation.

[0116] All DFT-predicted energetics (adsorption energies, reaction energies, and
activation energies) are done at low coverages (i.e., 1/12 ML for H, N, and O and 1/6 ML for
NOs7) and neglect lateral adsorbate-adsorbate interactions due to high coverage of a single
species or the presence of co-adsorbed species (e.g., co-adsorbed H affecting the
adsorption strength of NOs~, which weakens adsorption strength of nitrate by ~0.25 eV at
1/12 ML H coverage). Such shifts are typical of co-adsorption of H with small molecular
adsorbates on metal surfaces. This effect would also similarly weaken adsorption energies
for other NOsRR species, and thus would likely not qualitatively change trends. Neglecting
co-adsorbate interactions on adsorption free energies is a common approximation when
studying complex reaction networks such as electrocatalytic nitrate reduction because of the
large computational expense to treat coverage-dependent interactions for all species in the

model.

[0117] On pure transition metals, linear adsorbate scaling relations (among N, O, and
other reaction intermediates) and Brgnsted-Evans-Polanyi relations (between adsorption
and activation energies) exist for the NO3;RR. Consequently, a microkinetic model for NO;RR
was found to be able to predict trends in the reaction rates, steady-state coverages, and

degrees of rate control given only the N and O binding energies and an applied potential.

[0118] N and O binding energies were also shown to serve as NOz;RR activity descriptors
on PtRuy alloys because similar free energy scaling relations hold on the model PtRuy
surfaces. Examining the sites of strongest binding energy (Figure 21), it was determined that
PtRuy alloys approximately followed the same (i) linear adsorbate scaling relations among

O, N, NOs~, and H (Figure 21) and (ii) Brensted—Evans—Polanyi relations for nitrate-to-nitrite
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dissociation (Figure 22) when compared to the pure-metal relations. The nitrate dissociation
step (NO3 +*+ 2 NO3 + 0*) was analyzed, as this step was hypothesized to be rate-
determining for NO3sRR on pure transition metal surfaces under most conditions. Geometries
and energetics for the initial state, transition state, and final state configurations for nitrate
dissociation on each alloy are provided in Figure 23. These findings suggested that the
volcano plot derived for pure metals can be qualitatively used to rationalize the activity of

PtRuy alloys.

[0119] Linear adsorbate scaling relationships between adsorbates were predicted to exist
on Pt,Ruy alloys. The data in Figure 21 shows six linear adsorbate scaling relationships
found between N, O, H*, and NOs~ binding energies on Pt.Ruy random surface alloys. N and
O binding energies correlate highly with each other, and each correlate well with NO3;~
binding energy. In general, N, O, and NOs™ follow poorer scaling relationships with H* than
with each other, as shown previously. These linear scaling relations on PtRuy, were similar

to those used to construct the volcano plot using pure metals.
Binding energy trends of O and N on PtRuy

[0120] DFT modeling was used to examine how adsorption strength of O and N depends
on PtRuy surface alloy composition. The atomic distribution of Pt and Ru in each alloy’s
surface was generated using random assignment (Figure 24). DFT-predicted adsorption
geometries for N*, O*, H*, and NOs* are shown in Figures 25-28. H* and NO3~ adsorption
were also studied to show scaling relations between N and O. For each PtRuy alloy (as well
as Ru(211) and Rh(211)), binding energies were sampled on all unique atop sites for N, O,
and H and for all unique third-ridge atop bidentate sites for NO;~ (see Figure 29 for the

distributions of binding energies and Figure 30 for nitrate binding configurations).

[0121] The N atom prefers to adsorb in hollow sites, but also in locations that maximize its
coordination with surface Ru atoms (Figure 25). N prefers a FCC or HCP hollow site
between the middle and rightmost ridges of the FCC(211) surface, but will also adsorb
strongly in a hollow site between the left and middle ridges if that is the only location where a
Ru atom is available (e.g., see s-Pts2Rus). Like N, the O atom prefers adsorption locations
that maximize its coordination with surface Ru atoms (Figure 26). Atomic O also prefers
bridge and hollow sites on the rightmost ridge for many but not all surface compositions.
However, O will also adsorb strongly in a hollow site if this site increases its coordination to

Ru atoms.

[0122] NO;™ adsorption free energies were predicted at 298.15 K using a thermodynamic
cycle to avoid error in predicting ion energies using periodic DFT calculations. For NO3~

binding, only sites in which NO;~ binds in an O,0O-bidentate chelating fashion to two
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consecutive atoms on the same vertical FCC(211) ridge were considered. Such binding
positions were tested only for the middle and rightmost ridges, as the binding on the leftmost
(lowest) ridge was found to be unfavorable. For all surfaces, NO;~ prefers to bind on the
rightmost (highest) ridge and to as many Ru atoms on that ridge as possible at once (Figure
27). For example, for s-Pt7sRuzs, NOs™ binds to a Pt-Ru pair of surface atoms even though a
Pt-Pt pair of surface atoms is available. Similarly, for s-PtssRus7 and s-Pt17Russ, NO3™ binds

to a Ru-Ru pair even though a Ru-Pt ensemble is available.

[0123] On pure Pt(211) facets (denoted as s-Ptiao), H prefers an atop site at the top ridge
(Figure 28Error! Reference source not found.). As Ru surface atoms become available, H
prefers to adsorb at sites near the top ridge and which increase the coordination of H with
Ru. For most sites, H adsorbs at a bridge position in the top ridge with at least one Ru atom
in its first coordination sphere. For surfaces where Ru is available only in the bottom ridge
(e.g., s-Pts2Rus and s-Pts;Ru+7), H adsorbs at a position between the top ridge and the

bottom ridge immediately next to it, such that it is as close to a Ru atom as possible.

[0124] As the Ru content of the computational model alloy catalyst (denoted “s-Pt.Ruy”)
increased, both N and O bind more strongly (Figure 6A). For example, s-PtzsRuzs binds N
and O more strongly than Rh(211) by ~0.15 and ~0.20 eV, respectively. The effect of PtRuy
alloy composition on binding energies can be rationalized by the Ngrskov-Hammer d-band
model, which correlates an adsorbate’s binding energy to the catalyst’s d-band center. The
d-band model predicted that a catalyst with higher d-band center energy relative to the Fermi
level will result in adsorbate antibonding states that are also higher in energy, which
increases the chemisorption binding energy. The d-band center of Ru is higher in energy
than that of Pt. Consequently, alloying Pt with Ru was expected to increase the prevalence
of sites that adsorb reactants and intermediates stronger than pure Pt. Ru(211) binds N and
O more strongly than any of the Pt.Ruy alloys. The stronger adsorption on Ru(211) is

consistent with its higher-energy d-band center.

[0125] In arelated way, the O and N binding energies for Pt\Ruy alloys of intermediate
compositions can also be rationalized by ensemble effects at the surface of each model
slab. N, O, H, and NOs~ usually prefer bridge binding positions between two atoms in the
highest FCC(211) ridge or a hollow position inside three atoms on the catalyst surface
(Figure 25-28). The pair or trio of surface atoms locally bound to the adsorbate largely
dictates the binding energy. For NOs~, binding is weakest when bound to a Pt-Pt ensemble,
significantly stronger for Pt-Ru ensembles, and strongest for Ru-Ru ensembles. As
expected, binding energy varied more with the type of ensembile locally bound to NO;~ than
to nonlocal changes in surface composition (Figure 30). The same trends hold for the other

adsorbates. As the surface composition of Ru increases, the probability of finding a Pt-Ru,
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Ru-Ru, Pt-Ru-Ru, Ru-Ru-Ru, or other Ru-rich ensemble increases. Thus, Pt,Ruy alloys of
intermediate macroscopic Ru compositions are likely to have many microscopic coordination
environments that bind N and O with intermediate adsorption strengths. Based on the linear
adsorbate and BEP relationships, it was predicted that these same surfaces will also bind

NO;~ and H* with an intermediate strength that maximizes NO;RR activity.

[0126] The data in Figure 30 shows the strongest binding free energies for NO;~ found on
each PtRuy(211) surface, as well as Rh(211) and Ru(211). For the PtxRuy alloys, the sites
with strongest nitrate binding energies cluster into three groups based on how nitrate is
bound: Group 1 containing s-Ptioo, s-Pte2Rus, and s-PtssRui7 where nitrate binds to Pt-Pt
sites; Group 2 containing s-PtzsRuzs, s-PtssRuaz, and s-PtsoRuse where nitrate binds to Pt-Ru
sites; and Group 3 containing s-Pt:sRus7, s-Pt17Russ, and s-Ruige where nitrate binds to Ru-
Ru sites. Although this grouping is artificial because in reality a distribution of Pt-Pt, Pt-Ru,
and Ru-Ru sites are present on alloy surfaces, it displays the general trend that nitrate
adsorption strength increases as the number of Ru atoms bound to nitrate increases. The
Pt-Pt sites are most abundant at low Ru concentrations, whereas as Ru concentration
increases the number of Ru-Pt and Ru-Ru sites on the surface is expected to increase.
Thus, PtRuy surfaces with more Ru should have stronger nitrate binding energies, on

average.

[0127] Some of the model alloys (s-Pt17Russ and s-Ruie) adsorb nitrate more strongly
than Ru(211). Here, the Ru(211) surface was generated by optimizing the lattice constant of
FCC Ru, whereas all the model alloys surfaces (including s-Pt17Russ and s-Ru1e) are
FCC(211) surfaces constrained to the Pt lattice constant, which is slightly larger than that of
Ru. Thus, the alloy surface atoms are under a slight biaxial tensile strain, which raises the
average d-band center of the surface with respect to the Fermi level, increasing the overall
adsorbate-surface bonding interaction. In reality an alloyed surface would have a different
lattice constant between that of its constituent metals. Nonetheless, strain effects have a
much smaller perturbation on the nitrate binding energy than change in adsorption site (i.e.,
from interacting directly with a Pt atom to a Ru atom) and the qualitative trends match with

experiment.
Rationalizing activity trends with alloy composition by microkinetic modeling

[0128] The NO3RR activity was rationalized as a function of surface composition (Figure
6A) using a theoretical volcano plot at 0.1 V vs. RHE in Figure 6B. The same figure is
reproduced in Figure 6D, but with additional surface alloys at higher Ru compositions shown.
The calculated points for s-Ruigo, s-Pt17Rusz, and s-Pt::Rusz fall outside the envelope for the

volcano contours. This issue occurs because volcano contours are drawn only within the
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envelope of N and O binding energies for which adsorbate scaling and BEP relationships
predict positive activation energies. The fact that some points fall outside of this envelope
shows limitations of the adsorbate scaling and BEP relationships at very exothermic N and O
binding energies. However, the trend shows that there is a certain level of Ru content in the
surface that correlates to a high TOF, and levels of surface Ru that are too high or too low

correspond to lower activities.

[0129] The contours in Figure 6B indicate predicted catalyst turnover frequency (TOF)
with respect to NOs;~ consumption as a function of N and O binding energy. Overlaid points
indicate the O and N binding energies of the model catalysts considered. The points labeled
“s-PtxRuy’ represent the simulated random surface alloy model catalysts, and Rh(211),
Ru(211), and Pt:Ru(211) values are shown for comparison. The predictions in Figure 6B
suggested that NOsRR activity should go through a maximum as Ru content is increased
and the O and N adsorption strength is increased. s-Ptioo corresponds to a relatively low
turnover frequency (TOF), which initially increased as more Ru was added to the surface.
The TOF reached a maximum for s-PtzsRuzs and dropped as the Ru fraction increased
further. The nitrate reduction current density on the synthesized Pt.Ru,/C alloys at

0.1 V vs. RHE increased with Ru content at low Ru compositions but decreased when more
than 22 at% Ru is incorporated into the alloy. This trend also held at 0.075 and

0.05 V vs. RHE (Figures 5C-5D). The qualitative agreement of the computed TOF trend with

the trend in steady-state current measurements (from Figure 5B is shown in Figure 6C.

[0130] The magnitude of the current density from Figure 6B is replotted as a function of
the surface Ru at% in Figure 6E. Since the theoretical calculations only explored the change
in surface composition of Pt and Ru, the experimental current densities from RDE
measurements as a function of surface Ru at% aligned closer to the predicted TOFs.
However, bulk Ru at% could be more accurately extracted from ICP-MS than surface Ru
at% from XPS. Thus, the bulk at% was used as the naming convention and compositional

structure of the alloys.

[0131] A volcano in activity with alloy composition occurred because alloying tunes the
binding energies of reactants and key intermediates, and these binding energies are related
to the barriers of individual elementary steps through free energy relations. The activity is
maximized at some intermediate binding energy of O and N (Figure 6B). This is an
expression of the Sabatier principle, which posits that the most active PtRuy alloy should
adsorb NOs~ and H* neither too strongly nor too weakly. Regions of the volcano plot with
lower TOFs usually imply that some elementary step in the reaction mechanism limits the
total rate. Where the TOF is maximized (at the “peak” of the volcano), no single step limits

the overall rate. The transition from one side of the volcano peak to the other often indicates



WO 2023/133036 PCT/US2022/082047
23

where different elementary steps in the mechanism become rate-determining. For Pt, where
nitrate binds weakly, the hypothesized rate-limiting step is nitrate dissociation (NO; +* —

NO; + 0%). Increasing the nitrate adsorption strength (described by the N and O binding
energy) by alloying Pt with Ru increases the rate of overall reaction by increasing nitrate
coverage and accelerating nitrate dissociation up to some maximum. | was expected that
beyond the volcano peak, the adsorbed species start to bind too strongly, and another
elementary step would become rate-determining. This new rate-determining step’s rate
would decrease as N and O adsorption strengths continue to increase. It is also possible that
multiple steps have high degree of rate control as Ru content increases, including desorption

or reaction of intermediates.

[0132] The degree to which any elementary step in the reaction mechanism determines
the total activity can be estimated by computing the degree of rate control (DRC) for that
reaction. DRC analysis in this work at 0.1 V vs. RHE predicted that for surfaces with low Ru
content, nitrate dissociation is rate-limiting (DRC = 1), and increasing the adsorption strength
of nitrate increases the rate (Figure 31). But at higher Ru content, when the O and N (and
consequently nitrate) binding energies are strong, the nitrate dissociation step was
sufficiently fast, and increasing the rate of that elementary step no longer increased the
overall rate. For Ru content greater than 25 at%, the DRC analysis predicted that the
association of surface-bound N* (2 N* 2 N3) becomes the new rate-determining step (Figure
31). Under these conditions, further strengthening the nitrate binding energy (as described

by N and O binding energies) reduced activity.

[0133] In particular, Figure 31 suggests that nitrate dissociation tends to dominate the
overall reaction rate when O and N binding energies are both more positive than —4.5 eV.
When O and N binding energies are both very negative, interconversion of N; and N* are
predicted to control the overall rate. In another region, with very strong O binding energy but
moderate N binding energy, NH; hydrogenation is predicted to control the overall rate.
Although only the modeled bulk Pt;:Ru(211) alloy falls close to the boundary of this region,
this step being rate-determining is more consistent with the ammonia production observed
experimentally at higher Ru alloy content. At regions of very negative N binding energy and
moderate or more positive O binding energy, the adsorption and desorption of aqueous H*
and gaseous H, dominate the rate. There also is a region in which NO3, dissociation strongly
controls the overall rate along the upper left edge of the contour envelope (high N binding

energies at moderate O binding energies), but no modeled catalyst falls within this region.

[0134] Experiments show that maximum NO:RR current density was achieved at

0.1 V vs. RHE when using a Pt7sRu.s/C catalyst. For the five regions mentioned above in
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which a single elementary step controls the overall reaction rate, the s-Pt;sRuzs point lies at
or very close to the boundary of each region. DRC analysis also predicts that none of the
other elementary steps becomes rate-limiting at the N and O binding energies of s-PtzsRuazs.
These results suggest that s-PtzsRuas exhibits near-optimal N and O binding energies for
which no single elementary step in the mechanism is rate-limiting. Under these conditions,
one would expect the overall reaction rate to reach a local maximum, which rationalizes the
observation that PtzsRu2s/C produces the highest NOsRR current density of all the Pt,Ruy

catalysts.

[0135] Although the computational results predicted that N2 is the dominant species
forming at high Ru contents and strong O and N adsorption, experimental selectivity results
showed that NH; is the dominant product for all the alloy catalysts tested. Therefore, it is
unlikely that the new rate-determining step is the association of nitrogen, but rather another
step on the ammonia production reaction pathway. It was observed that NH," + H* + e~ 2
NH;" was also rate-determining for surfaces with similar adsorption energies to s-PtzsRuzs (,
which is in line with the experimental observations and previous reports of this step being
rate controlling for CuNi alloys. Without intending to be bound by theory, it is believed that
this DRC discrepancy is attributable to uncertainties in the linear scaling relationships for
alloys and to the fact that activity trends are easier to predict with microkinetic modeling
compared to selectivity trends. Nevertheless, the switch from one rate-limiting step to
another at the binding energies of s-Pt7;sRuzs rationalizes the experimentally observed local

maximum in activity at that composition.

Thermocatalytic Nitrate Reduction (TNO:RR) and Electrocatalytic Nitrate Reduction
(ENO3RR)

[0136] Figure 1B gives a comparative overview of the simplified reaction mechanisms for
TNO:RR' and ENO3;RR .22 The rate-determining step (RDS) for both TNO:RR and ENO3;RR
is often the reduction of nitrate to nitrite. Additionally, under judicious conirol of the operating
conditions and catalyst, both reactions produce No and NH: as the major products and

nitrogen oxide compounds as less abundant products.

[0137] Pt/C, PtRu/C, and PtzsRus/C for TNCARR and ENOsRR under various operating
conditions {i.e., pH, hydrogen partial pressure, nitrate concentration, applied polential} were
analyzed to compare thermocatalytic and elecirocatalytic approaches for nitrate reduction. it
was observed that that increasing the hydrogen (electrojchemical potential (0.1 to 1 atm Ha
and 0.15 10 0.05 V vs. RHE) increases the rate of nitrate conversion and that the ranking of
catalyst activity is the same for ENO3;RR and TNO:RR, that is, Pt/C << PtRu/C < Pt7sRuzs/C.

This change in aclivity from increasing Ru content in the alloy is believed to be attributed to
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increasing the adsorption strength of nitrate, hydrogen, and intermediates. Similarly,
increasing the nitrate concentration increased reaction rates in ENO:RR and TNO:RR for
PIRu/C. However, at concentrations above 0.5 M NGy, ENG:RR activity decreased due to
surface poisoning by nitrate. Unlike hydrogen driving force and nitrate concentration, which
similarly affect catalyst activity, the effect of the pH and the apparent activalion energies
were different for ENOsRR and TNOaRR on the PIRWC catalyst. This finding implies that pH
has a more complex role in the nitrate reduction mechanism than previously developed
microkinelic models based on Langmuir-Hinshelwood surface reactions might suggest, and
that there are fundamental differences between the two reactions. Despite these differences,
certain catalyst properties (such as stronger nitrate adsorption) or reaction conditions {more
available adsorbed hydrogen) increase the TNO:RR and ENOsRR rates in a way that is
qualitatively captured by the existing theoretical volcano plot. TNO;RR and ENO:RR
performance were compared on PIRWC to rates and operating costs for industrial ammonia
synthesis to evaluate the feasibility of both systems. It has been shown that TNO:RR on
PtRu/C at pH 1 produces NHs at comparable rates {o the Haber-Bosch process and,
depending on the regional cost of He, can have lower operational cosis than the USDA

standard cost per tonne of NHaNG;.
EXAMPLES
Example 1: Catalyst Preparation

[0138] Referring to Figure 8 catalyst in accordance with the disclosure was prepared
using NaBH4 reduction synthesis. A suspension of 25 mg of carbon black (Vulcan XC 72;
Fuel Cell Store) was pretreated in H, at 400 °C for 2 hrs to remove impurities from the
surface. After, the support was suspended in 15 mL of Millipore water (18.2 MQcm, Millipore
MilliQ system) and sonicated for 15 min. Measured concentrations of RuCl; (38% Ru; Alfa
Aesar) and H>PtCls (38—40% Pt; Sigma Aldrich) in Millipore water were added to the solution
and stirred. After, 40 mg of NaBH4 (Sigma Aldrich) dissolved in 25 mL of Millipore water was
introduced. This solution was stirred for 2 hrs before being centrifuged 3 times at 3000 rpm
for 8 min and washed with Millipore water. The recovered solid was dried overnight in an

oven at 80 °C in ambient air.

[0139] The final Pt and Ru loadings were determined by using a PerkinElmer NexION
2000 ICP-MS after digesting 1 mg of the catalyst in aqua regia (3:1 molar HCI:HNO3). The
sample solutions were co-fed along with a 20-ppb bismuth internal standard. X-ray diffraction
(XRD) analysis indicated the presence of a separate Ru hexagonal phase instead of the
bimetallic phase for Ru compositions above 60 at%. Therefore, PtxRuy alloys in the catalysts

herein were limited to bulk Ru concentrations of 0-52 at%.
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[0140] Commercial 30 wt% Pt/C, 30 wt% PtsoRuse/C, and 20 wt% Rh/C were also

purchased from Fuel Cell Store for comparison.

[0141] Material characterization: X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) measurements were taken at the Sector
20 bending-magnet beamline of the Advanced Photon Source at Argonne National
Laboratory. Catalyst samples were loaded into 1.5 mm glass capillaries for measurement in
transmission mode at the Pt Ls-edge. To take the spectra at the Ru K-edge, the catalyst
samples were also measured in the glass capillaries using transmission mode, except for the
lowest Ru weight loading sample, for which the sample was filled into a Kapton tube to allow
a longer path distance to increase the signal to noise ratio. All measurements were taken of
samples exposed to air (ex-situ). For the Ru K-edge the harmonic rejection mirror was set to
3.9 mrad, whereas for Pt Ls-edge it was 4.1 mrad. Catalyst samples were measured in
transmission mode at the Pt Ls;-edge and Ru K-edge. The u(E) data was processed using
the ATHENA software with a Fourier cutoff of Ry = 1.0 A and a k range from 3 to 16 A™".
Structural parameters were derived from the experimental data using FEFF9 theoretical
standards as input to the ARTEMIS software. Two 14-min scans were taken for each sample
at each edge and co-added to generate the spectrum. Pt and Ru reference foils were
located downstream and taken concurrently with the sample for energy calibration and to
verify monochromator stability. The data was processed using ATHENA software with a
Fourier cutoff of Rpkg = 1.0 A and a k range of 3 to 16 A~". Structural parameters were
derived from the experimental data by fitting using FEFF9 theoretical standards as inputs to
the ARTEMIS software package. Fits included first Pt-Pt or Pt-Ru and Pt-O paths including
the 3 cumulant to account for asymmetry. The spectra were obtained by merging two scans
of each catalyst. The raw data obtained at the Pt Ls;-edge is presented in Figure 9. Because
the raw signal of the bulk Pt foil was much higher, the actual values have been scaled by a
factor of 0.5 in the R and k space to aid visual comparison. Based on the XANES spectra at
the Pt Ls-edge in Figure 9A, the white line intensity for the PtRu,/C catalysts compared to
the bulk metallic Pt foil show that these samples were slightly oxidized. These surface oxides
were expected and were reduced under electrochemical pretreatment conditions prior to

catalyst use.

[0142] ICP-MS measurements determined the bulk weight and atomic loading of Pt and
Ru in the alloys. The data in Table 3 shows that a smaller wt% (weight %) of Ru than
intended was incorporated into the catalyst. The deviations between the target and actual
composition are likely due to the precision of the weighing scale and different reactivities of
the two types of precursors upon reduction with NaBH.. The ICP-MS measured actual

atomic percentage of Ru (with the balance Pt) were for the naming convention of the
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catalysts. In Table 3, atomic and weight percent loading of Ru in PtRu,/C (x = 48-100%)
catalysts from ICP-MS. Target Ru wt% reflected the calculated amount of RuCls precursor
added during synthesis. All values were with respect to the total metal loading, not including

carbon, such that the balance is Pt. The total target metal loading on carbon was 30 wt%.

Table 3.
Catalysts Target Ru wt% Actual Ruwt%  Actual Ru at%
Pt10o/C 0 0 0
PtgoRUm/C 12.5 6 10
Pt78RUZ2/C 25 13 22
PtssRU37/C 37.5 23 37
Pt48 R U52/ C 50 36 52

[0143] To confirm that PtRu,/C alloys are synthesized, ex-situ EXAFS was employed to
measure the local coordination of Pt and Ru atoms. The EXAFS spectra of the Pt Ls-edge
for PtRu,/C in real space are shown in Figure 2A, and the corresponding Pt Ls-edge EXAFS
in k-space and the imaginary components are shown in Figure 9. Both the Pt foil and Pt100/C
showed a single peak between 2.5-3.0 A (Figure 2A), which can be attributed to first shell
Pt-Pt scattering. The Pt foil was scaled by a factor of 0.5 to aid visual comparison to the
spectra of the nanoparticle catalysts, where the Pt-Pt coordination numbers and thus EXAFS
amplitudes were smaller. The larger peak amplitude at lower R for the Pt10/C compared to
Pt foil is attributed to Pt-O scattering. The inclusion of Ru during the catalyst synthesis
caused a second peak to manifest between 2.5-3.0 A, which corresponded to Pt-Ru

scattering paths.

[0144] The measured spectra and fittings for the Pt foil and each of the five compositions
of the Pt,Ru,/C are shown in Figures 10 and 11. First, the edge onset energy (Eo) was
defined for the Pt foil and set accordingly for spectra of all alloys. Next, the background
signal for the data was removed by fitting the pre-edge and post-edge data to a linear
function and subtracting out. After processing the data, fitting paths were generated using
FEFF9 software and structure coordinates from Materials Project. For improved
convergence and optimization tests in FEFF9, the COREHOLE card was varied during
XANES calculations. The default setting was based off the Final State Rule (FSR), which
may over overestimate the strength of the core-hole interaction and exclude the core-hole
mixing effect for L-shell metals. To overcome this problem, the random phase approximation
(RPA) was used in the XANES calculations of the Pt-Pt, Pt-O, and Pt-Ru paths. The use of
RPA over FSR improved the fit in the first shell and x error.

[0145] By fitting the EXAFS data using Pt-Pt, Pt-O, and Pt-Ru paths (Figures 10 and 11),

the Pt-Pt and Pt-Ru coordination numbers and bond distances were extracted. EXAFS
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fittings were conducted with Pt-Pt, Pt-O, and Pt-Ru paths generated in FEFF9. First, the Pt
foil was fitted by setting the coordination number to 12, which was the expected value of bulk
Pt. The set amplitude and Eq were found to be 0.915 £ 0.02 and 5.55 + 0.2 eV, respectively.
Tabulated fittings and errors for the bond distance, coordination number, and o2 values are
presented in Table 4. For comparison, Pti0o/C was fitted with and without the Pt-Ru path.
Although the coordination number of the Pt-Ru path on Pti00/C was ~0.5, it increased the x
error compared to fitting Pt10o/C without the Pt-Ru path. When fitting the Pt foil, the Pt
coordination number was set to 12 (bolded) to obtain the set amplitude and E, values that
were used in the Pt,Ru,/C fittings. The results of the fittings and errors for R, CN, and o are

given in Table 4. The 3™ cumulant had no effect on the fit, and thus the results are not

reported in the table.

Table 4. Tabulated fitting results for Pt foil and Pt.Ru,/C catalysts.

Material Pt foil Pt1oo/C PtgoRU1o/C Pt7sRUzz/C PtssRUsﬂC Pt4sRU52/C

< R A) 2756001 | 274312003 | 2740003 | 2735+ 0.04 | 2738+ 0.04 | 2.745 £ 0.03
9? CN 12 75105 58106 44106 56101 73106
9; 5 /R2 0.005 % 0.006 £ 0.007 £ 0.006 £ 0.007 £ 0.006 £

Q o* (A?) 0.0001 0.0004 0.0007 0.0010 0.0007 0.0006

< R A) 1.995+004 | 1.995+0.03 | 1.992+0.05 | 1.987£0.05 | 1.983 £ 0.05
Q CN 1.28£0.18 1.34+£0.20 1.77 £ 0.21 12212018 | 0.7910.19
9 2 R2 0.006 + 0.005 + 0.004 + 0.004 £ 0.005 £

& ot 0.0026 0.0026 0.0020 0.0024 0.0043

< R A) 2792003 | 278512 0.03 | 2776 £ 0.02 | 2.758 £ 0.00
§ CN 1.19 1+ 0.51 1.35+0.55 1.44 +0.44 1.28+0.42
i'f o2 (A?) 0.009 £ 0.008 £ 0.008 £ 0.007 £

o 0.0038 0.0034 0.0025 0.0028

[0146] The presence of Pt-Ru first-shell coordination by EXAFS indicates these materials

are alloys, rather than separate phases of Pt and Ru. Because there was less Ru than Pt in

the alloys, the Ru K-edge EXAFS data had low signal and was too noisy to accurately fit
(Figure 12). The data in Figures 2B and 2C show the XANES of Pt Ls- and Ru K-edges for

the catalyst samples, respectively. The increase in the white line intensity for the Pt.Ru,/C

samples compared to bulk metallic Pt and Ru foils reveal that these samples were slightly

oxidized ex-situ. This slight oxidation was expected for small metal nanoparticles and

typically is attributed to surface oxides that will be reduced electrochemically during

pretreatment prior to reaction. The oxidized nature of the Pt,Ru,/C samples from XANES is

consistent with the observation of Pt-O scattering from EXAFS in Figure 2A



WO 2023/133036 PCT/US2022/082047
29

[0147] The XRD patterns for different compositions of the Pt.Ru,/C displayed a shift in the
Pt(111) diffraction patterns to higher 26 as the Ru at% increased (Figure 2D). The shift
indicates a change in lattice constants that corresponds to alloying Ru atoms into the Pt
lattice, as expected from Vegard’s Law (Figure 2E). At higher atomic Ru content (> 50 at%),
there was a deviation from the linear shift predicted by Vegard’s Law, possibly because of a
limit to the amount of Ru that can be incorporated into Pt without phase segregation. The Pt-
Ru coordination number determined from EXAFS and the diffraction location from XRD are
correlated, Figure 2E. The EXAFS and XRD distances were not directly compared because
the EXAFS gave Pt-Pt and Pt-Ru bond distances from fitting and XRD gave an averaged
shift of the metal lattice constant. Taken together, the Pt-Ru coordination from EXAFS and
the lattice shift from XRD support the formation of different compositions of Pt,Ru,/C alloys.
The broadening of the four main Pt diffraction peaks between 30-90 26° in the XRD was
also used to calculate the diameters (3—6 nm from the Scherrer equation) of the
nanoparticles (Table 5). These particle sizes are consistent with the expected particle sizes

from the combined coordination number of Pt-Pt and Pt-Ru from EXAFS.

[0148] XRD analysis was conducted using a Rigaku Miniflex XRD with Cu Ka radiation
and a Ni filter (A = 1.5418 A). The 26 range (10° < 26 < 90°) was scanned at a rate of 5°/min
with a 0.02° step size. Crystallite sizes were estimated using the Scherrer equation. The

average size of the synthesized nanoparticles was calculated using Scherrer’s equation:

.Y
te [coso

where 1is the average size of the crystalline particles, K is the shape factor (0.89), A is the
wavelength of the X-ray (1.54056 A), § is the full width of the peak at half maximum, and 8 is
the Bragg angle of the peak. Error bars were determined by using the standard deviation
across four different Pt diffraction peaks. The average particle sizes from XRD were
compared with the average particle sizes measured from TEM images (Table 5). The
particle sizes from both characterization techniques agreed within error for all studied

catalysts.

[0149] The total coordination number (CN) from the Pt-Pt and Pt-Ru paths ranged from 6—
9 for all the samples. From established relationships between metal nanoparticle size and
first shell CN, these values correspond to nanoparticles between 1.5-5 nm, which is within
the range of XRD calculations and TEM imaging (Table 5Error! Reference source not
found.). Nanoparticle sizes estimated from CN were lower than sizes extracted from TEM
images, which may arise because the CN from EXAFS fittings estimates of size exclude the
oxide layer around each nanoparticle, as only the metal-metal bonds of the metallic core

were counted.
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[0150] The raw data obtained at the Ru K-edge is presented in Figure 12A. Because the
raw signal of the Ru foil was much higher than that of the alloy catalysts, the values have
been scaled by a factor of 0.5 in the R-space to aid visual comparison. The spectral
measurements taken at the Ru K-edge have low signal, thus Ru-Ru and Ru-O information
was not extracted from ARTEMIS. Based on the XANES spectra at the Ru K-edge in Figure
12A, the white line intensity of the Pt.Ru,/C catalysts suggests oxidation compared with the
bulk Ru foil. These surface oxides were expected for metallic nanoparticles because the
experiment was conducted ex-situ. The amount of oxidation increased as the bulk Ru alloy
content increased, which was attributed to Ru being more easily oxidized than Pt.

Table 5. Particle sizes from XRD using Scherrer equation, TEM, and EXAFS from first shell
Pt-metal coordination number.

Catalyst XRD p?r:'tni:;le size TEM p?nrtni:;le size EXAFS ?nanr;t;cle size
Pt100/C 35+06 —_—

PteoRu10/C 50+£1.0 43+14

PtzsRu2/C 57+1.0 40+1.1 1.5-5.0 for all catalysts

Pts2Rus7/C 3.2+07 39+10

PtssRus2/C 47+13 3.6+09

[0151] Pt and Ru peaks were referenced to #04-0802 and #06-0663, respectively.

[0162] Transmission electron microscopy (TEM) was performed on a JEOL 2010F
electron microscope operating with 200 kV accelerating voltage. The samples were made by
adding 1 mg of catalyst into isopropanol. One drop of this suspension was deposited on a
gold grid. The isopropanol was dried before imaging of the sample. The TEM images in
Figure 3 revealed that the synthesis resulted in PtxRuy nanoparticles on the Vulcan carbon
support that range from 3-5 nm in size, which agreed with XRD calculations and EXAFS
analysis (Table 5). Under 1.5 M magnification, the crystal lattice of the nanoparticles was
observed (Figure 13). The amorphous gray shape in the lower half of Figure 13 is the carbon
support and the lighter gray top half is the Cu grid used for the microscopy experiment. The
black spheres and ovals are the alloy nanoparticles, which had a diameter ranging from 3-5
nm. Alloying with Ru could change the fractional exposure between different PtxRuy
catalysts. Thus, measuring the ECSA and surface composition was important to obtain area-

normalized intrinsic activities for the alloy.

[0163] X-ray photoelectron spectroscopy (XPS) was conducted using a Kratos Axis Ultra
X-ray photoelectron spectrometer. While keeping the analysis chamber at 1x107° Torr, a

monochromatic Al X-ray source (10 mA and 12 kV) was used with a pass energy of 12 eV
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and step size of 1 eV. Collected spectra were calibrated by positioning the C(1s) peak at
248.8 eV. The resulting Pt 4d and Ru 3p peaks were fitted with the Shirley-type background
with the CasaxXPS software.

Example 2 — Rotating Disk Electrode Preparation

[0154] The catalyst ink was prepared by adding 3 mg of the supported catalyst in 5 mL of
water and isopropanol (1:1 molar ratio). 17.5 pL of Nafion (5% in 95% isopropanol, Sigma
Aldrich) was added to the solution to act as a binder and sonicated for at least 120 min. A
glassy carbon rotating disk electrode (5 mm in diameter) was polished with 0.05 ym alumina
suspensions before sonication in Millipore water to remove trace surface contaminants. The
catalyst ink was sonicated for at least 30 min before depositing 8 pL of the ink onto the
surface of the clean glassy carbon electrode. The deposition was kept in closed containment
as the ink dried and repeated once more. The total loading was 9.6 g of catalyst, including

carbon.

[0155] The prepared electrodes were placed into the electrolyte solution and cycled from
hydrogen evolution to Pt oxidation potentials (-0.17 to 1.23 V vs. RHE) at least 50 times at
100 mV s™' before conducting electrochemical measurements. ICP-MS experiments of the
solution before and after the electrocatalyst pretreatment process for a commercial PtRu/C
showed ~8% of Pt and Ru in the electrolyte solution. It is believed that presence of Pt and
Ru in the electrolyte solution was attributable to catalyst powder that was not adequately
bound to the surface of the glassy carbon. Following this pretreatment, stable CVs for all

reported PtRu,/C was obtained, implying no further loss of catalyst.
Example 3 - Electrochemical measurements

[0156] The electrochemical experiments were conducted in either a single compartment,
three-electrode glass electrochemical cell (for steady-state activity measurements) or a two-
compartment, three-electrode cell (to enable product quantification for selectivity
measurements) using a VSP potentiostat (Bio-Logic Science Inst.). All measurements were
taken at room temperature (23.3 °C). A graphite rod (AGKSP grade, ultra “F” purity, Alfa
Aesar) and Ag/AgCl (4 M KCI, Pine Research Inst., Inc.) were used as the counter and the
reference electrode, respectively. Before electrochemical experiments, the Ag/AgCl
reference electrode was calibrated against a Pt wire with 1 bar Hz in the electrolyte solution.
All reported potentials were referenced to RHE. The sulfuric acid electrolyte was prepared by
adding concentrated H>SO4 (99.999%, Sigma Aldrich) to Millipore water. Before
electrochemical measurements, N2 gas (Ultra-high purity grade, 99.999%, Cryogenic Gases)

was sparged through the electrolyte for at least 45 min to remove dissolved O, from the
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solution. Throughout the experiment, N. also blanketed the electrolyte solution to prevent O,

from reaching the electrolyte.

[0157] The datain Figure 5A shows the steady-state nitrate reduction current densities
normalized to the ECSA from Cuypq for five different compositions of Pt,Ru,/C catalysts at
0.05t0 0.4 Vvs. RHE in 1 M H>SO4 + 1 M NaNOs. There was no observable reduction
current at the potentials specified in Figure 5A in the absence of nitrate. Therefore, the
current density reported was attributed solely to nitrate reduction. Pti00/C and PtssRus2/C
were compared to commercial catalysts of the same composition (Figure 17) to confirm that
the synthesized materials have similar intrinsic activities as their commercial counterparts

when the rates were normalized to the number of available surface sites.

[0168] The intrinsic activities of commercial Pt/C and PtRu/C were comparable to those of
the synthesized Pti00/C and PtssRus2/C samples, respectively (Figure 17). These
experiments show that catalysts synthesized under different conditions yielded similar
intrinsic activities and that the method of normalization accounted for different size particles
that resulted from different batches of catalyst. For comparison between catalysts of similar
compositions, using either Hupa or Cuypd for site normalization would yield similar comparative
results between the commercial and synthesized catalyst. This is because the ratio to
convert Hypa to Cuypa active sites are approximately the same. In Figure 17, the commercial
catalysts had higher ECSA despite having the same bulk metal loading wt% as the
synthesized material, which likely results from higher dispersion and lower particle size.
However, normalization using Hupa accounts for these differences, thus yielding similar
intrinsic normalized current densities between commercial and synthesized catalysts. These
commercial catalysts were not explicitly used in the kinetic studies to avoid comparison
between catalysts of significantly different particle sizes, due to the reported structure

sensitivity of nitrate reduction.

[0169] The steady-state current densities for Pti0o/C were comparable with other Pt/C
reports and reach a maximum activity at 0.1 V vs. RHE. This maximum in activity arose from
the competition between adsorbed nitrate and hydrogen, with 0.1 V vs. RHE being the
potential when both species were considerably present on the surface. Below 0.1 V, the
reaction rate decreased because there was a low coverage of nitrate on the Pt, and surface
sites were blocked by adsorbed hydrogen. Above 0.1 V, the reaction rate decreased
because there was not enough hydrogen available on the surface. Unlike the Pti00/C, none
of the Pt\Ru,/C alloys exhibited a maximum activity at 0.1 V vs. RHE. Without intending to be
bound by theory, it is believed that this is because, similar to Rh, these Pt;Ruy alloys bind
nitrate more strongly than pure Pt, which shifts the maximum activity to a more negative

potential. The stronger adsorption of nitrate and shift in potential of maximum activity of the
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Pt«Ruy alloys was expected because Ru is less noble than Pt and was supported by the DFT
calculations. Importantly, the Pt.Ru,/C alloys were more active than Ptie/C at all eight
applied potentials, confirming DFT modeling predictions that Ptz:Ru would be more active
than Pt for NOsRR.

[0160] In Figure 5B, the current density for the alloys at 0.1 V vs. RHE, normalized to
ECSA from Cuypg, is shown as a function of Ru content. The general trends of the intrinsic
activity of the alloys indicate a maximum (“volcano”) behavior where Pt7sRu2,/C has six times
the activity than that of Pt100/C when normalized by the ECSA from Cuypa. The activities of
PtssRus2 and Pts2Rusz were similar because the two materials displayed comparable surface
compositions from XPS. However, bulk Ru at% was extracted from ICP-MS than surface Ru
at% from XPS. Thus, the bulk at% was used as the naming convention of the alloys. Ru/C
was also tested, but Ru leached into the acidic electrolyte solution throughout the
experiment, making it impossible to accurately obtain steady-state measurements or
determine active surface areas (Figure 18). The CV scans did not show Ru redox peaks due
to the low loading of Ru on the support. Instead, there was substantial Ru leaching into the
solution during pretreatment in 1 M H>SO4. From Figure 18A, the onset potential for oxygen
evolution occurred at ~1.4 V vs. RHE in the first cycle. Continued cycling slowly stripped
away Ru from the catalyst into the acidic electrolyte solution leading to an increase in the
oxidation onset potential. Unlike the Pt/C (Figure 18B), which displayed H.pq peaks that are
indicative of hydrogen adsorbing and desorbing from the surface of the metal after 50
pretreatment cycles, Ru/C displayed no metal peaks and all of the current is attributed to the

carbon support.

[0161] Cyclic voltammograms of the alloy catalysts remained consistent after multiple
cycles, suggesting that the alloy catalysts were stable prior to steady-state measurements.
For comparison, the last three Hy,q CVs of Pt,Ru,/C catalyst after 50 cycles of pretreatment
are included in Figure 19, which show the stability of the material before steady-state
experiments. No CVs were performed after the experiment because the presence of nitrate

in the solution alters the CV scans.

[0162] Rh/C, the most active pure metal standard, was four times more active than
PtzsRu22/C (Figure 20A) at 0.1 V vs. RHE. However, because Rh is currently the most
expensive noble metal, the catalyst cost is twice as much to convert one mole of nitrate in an
hour using Rh/C compared with PtzsRu./C (Figure 20B). Pt/C on the other hand would be
the most expensive of the considered catalysts, costing almost three times more than Rh/C
to have the same total NOsRR conversion. This high cost is largely due to the low NOsRR
activity of Pt/C.



WO 2023/133036 PCT/US2022/082047
34

Underpotential deposition

[0163] After compensating for 85% of the solution resistance using electrochemical
impedance spectroscopy (EIS), Hupa in the hydrogen desorption region was used as one
method to determine the ECSA of the PtRu,/C alloys. The average charge density of Pt
(210 uC cm~?) was employed to calculate the ECSA. A slanted baseline, representing the
double-layer charging current, was taken by subtracting half of the double-layer charging

current measured at 0.35 V vs. RHE.

[0164] All Cuupa experiments were conducted in 0.1 M H>SOs for an initial Hupa baseline
before adding 2 mM CuSO. into the solution. The electrodes were polarized at 1.0 V vs.
RHE for 2 min to ensure no Cu ions adsorbed to the surface of the electrode. Deposition
potentials from 0.28-0.48 V vs. RHE were applied for 100 s to deposit a monolayer of Cu?*
on the surface of the catalyst. After, a linear voltammetric scan was performed at 100 mV s™
from the applied potential to 1.0 V vs. RHE, in which all the underpotential-deposited copper
has been oxidized. Charges obtained from the copper stripping were corrected by

subtracting the double-layer charge obtained in the absence of cupric ions in the solution.
Steady-state current measurements for nitrate reduction

[0165] Huw and baseline chronoamperometric measurements were performed in 100 mL
of 1 M H>SO4 solution. The rotating disk electrode (RDE) was held at each potential for 5
min while rotating at 2500 rpm to eliminate mass transfer limitations. The absence of
external mass transfer limitations was confirmed by verifying that the current densities were
independent of rotation rate at 2500 rpm or above. The film drop-cast method was used to
deposit a thin layer of catalyst onto the glassy carbon electrode to avoid sources of internal
diffusion limitations. The measured currents in the last 20 s were averaged and reported
accordingly. After adding 20 mL of 6 M NaNOs (Sigma Aldrich, 99.0%) to reach 1 M nitrate,
the electrolyte solution was sparged with N2 for 15 min to remove trace oxygen. The

chronoamperometric measurements were repeated with nitrate in the solution.
Example 4 - Selectivity Measurements

[0166] A working electrode having a catalyst disposed thereon was prepared by
depositing Pt and Ru precursors via the same NaBH.4 reduction method as described in
Example 1, on 2.5x2.5 cm? pieces of carbon felt (6.35 mm thick, 99.0%, Alfa Aesar). The
carbon felts (CFs) were attached to a graphite rod (AGKSP grade, ultra “F” purity, Alfa

Aesar) for use as the working electrode.

[0167] Before electrochemical measurements, N» (Ultra-high purity grade, 99.999%,

Cryogenic Gases) was sparged through the electrolyte for at least 45 min to remove O, from
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the solution. Throughout the experiment, N» blanketed the electrolyte solution to prevent O-
from reaching the electrolyte. The carbon felt was treated in 1 M H>.SO4 solution by cycling
from hydrogen evolution to Pt oxidation (-0.17 to 1.23 V vs. RHE) at least 35 times at 100
mV s~' to remove oxygenated species from the surface of the metal nanoparticles. Hypq

experiments were conducted after compensating for 85% of the solution resistance.

[0168] The Pt«Ruy/CF (Pt and Ru alloys supported on carbon felt) was transferred to a
two-compartment, three-electrode glass electrochemical cell with 150 mL of 0.1 M HNO>
(sparged with N2) as the electrolyte solution in the cathodic compartment. The electrolyte for
selectivity measurements was 0.1 M HNOs (rather than 1 M H.SO4 and 1 M NaNOs) to avoid
possible sodium and sulfate interference in the ion chromatograph used for product
quantification. Again, 85% of the solution resistance was compensated using EIS before
running a 4-hr steady-state measurement at 0.1 V vs. RHE. Only 85% was directly

compensated to avoid instability of the potentiostat controller.

[0169] An ion chromatography (Agilent), equipped with AS9-HC column (Dionex) with 9
mM sodium carbonate eluent, was used to quantify the amount of nitrate and nitrite in the
electrolyte solution. For anion measurements, sodium nitrate (Sigma Aldrich, 99.0%) and
sodium nitrite (Sigma Aldrich, 99.999% trace metal basis) were used to prepare the standard
solutions for the calibration curve. To prevent oversaturating the system with anions, 0.1 mL
of the electrolyte solution was extracted every hour and diluted by a factor of ten with
Millipore water to measure the change in nitrate concentration. Separately, 0.5 mL of the
electrolyte solution was extracted and neutralized with 0.1 M NaOH (Sigma Aldrich, 99.99%)
to inhibit the decomposition of nitrite in acidic media. However, the measured values of the
nitrite concentration may be lower than the actual values due to the decomposition of nitrite

during the extraction of the reactor aliquots.

[0170] NH; was quantified by using the indophenol blue test. An aliquot of 1 mL of
electrolyte solution was extracted from the cathodic side of the two-compartment cell every
hour. 1 M NaOH (Sigma Aldrich, 99.99%) was added to the electrolyte solution to neutralize
the acid to a pH of 12. After, 122 pL of sodium salicylate (Sigma Aldrich, >99.5%), 27.3 pL of
sodium nitroprusside dihydrate (Sigma Aldrich, >99%), and 40 uL of sodium hypochlorite
solution (Sigma Aldrich, 4.00-4.99%) were sequentially added to the electrolyte solution and
manually stirred together. The solution was covered and left for 40 min. Afterward, a UV-vis
spectrometer (Thermo Fischer, Evolution 350) was used to obtain spectra between 400-
1000 nm. The indophenol peak was identified as the maximum absorbance between 650—
700 nm. A fresh 0.1 M HNO:s electrolyte solution prepared with the indophenol blue method
was used as the background and subtracted from the sample spectra. If the concentration of

NHs; was too high and oversaturated the detector, the solution was diluted and retested. A
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calibration curve was created using known concentrations of NH4Cl (Sigma Aldrich) in 0.1 M
HNO3, and unknown NH3 concentrations were calculated using the Beer-Lambert law. The
faradaic efficiency (FE) was calculated by dividing the charge required to form the total NH»
measured by the total charge passed during the steady-state experiments. The total charge
passed was calculated by integrating the reduction current over the duration of the
experiment and the charge required from NH; was calculated by assuming that eight

electrons are required to form one molecule of NHs; from one molecule of nitrate.

[0171] Figure 7A displays the catalyst FE towards nitrite, ammonia, and other potential
gas-phase products after applying a potential of 0.1 V vs. RHE for seven hours. At this
operating potential, hydrogen was not thermodynamically favorable to form, and there was
no significant change in the concentration of nitrate due to the large volume of the electrolyte
solution (Figure 32). The FE towards NH: production was calculated by averaging the last
three time points (Figure 33). Most of the current was attributed to NHs production and nitrite
is not detected, though it was possible that nitrite in the solution has formed NO on the
surface of the electrode. The pure Pt has nearly 100% FE to NHs, as has been previously
reported at low overpotentials, and the alloy materials all display above 93% FE towards
NHs.

[0172] The faradaic efficiencies (FE) and total charge (in C) of the Pt,Ru,/CF towards
NH4* over seven hours at an applied potential of 0.1 V vs. RHE are shown in Figures 33A
and 33B respectively. Two hours into the reaction, Pti0/CF has consistently reached above
98% FE. The FE of the Pt,Pt,/CF seems to plateau at above 90% after five hours. The
increase in the measured faradaic efficiency over time can be attributed to different possible
factors. Because the measurements were performed in a batch reactor with a porous
electrode surface, diffusion limitations may have delayed the transport of the products to the
bulk solution such that it takes time for steady state to be reached. Additionally, it is possible
that some intermediates are forming on the surface but reacting slowly, which resulted in
high faradaic efficiency towards ammonia only once the intermediates have sufficient time to
react. To calculate the FE, the last three timepoints in the experiment were averaged when

the FE towards NH3; was consistent over time.

[0173] The total current density for the Pt,Ru,/CF shown in Figure 7B followed a similar
trend in Ru content as observed on the RDE (Figure 5). The partial current density towards
ammonia is also depicted, with the alloy catalysts containing Ru having greater activity
towards ammonia production than pure Pt. The rates on catalysts on the carbon felts may
have been limited by internal diffusion because of the porosity and greater thickness of the
carbon felt compared to the RDE, which would explain the slight differences between the

activity trends of the two setups. Regardless, the inclusion of Ru into the Pt catalyst
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increased the rate of nitrate reduction up to a certain composition, after which further

addition of Ru decreases the normalized catalytic activity.
Example 5 - Hypa and Cuypq €xperiments

[0174] To perform the Hupa €xperiments, the Pt.Ru,/C catalysts were first pretreated by
cycling from hydrogen evolution to Pt oxidation (-0.17 to 1.23 V vs. RHE) at least 50 times
or until the CVs were stable. This pretreatment ensured that surface oxides were reduced
before taking measurements. CV scans between 0.08 and 1.23 V vs. RHE were used to
obtain Hypq peaks (Figure 14A) after compensating for 85% of the solution resistance (blue).
Only 85% compensation was used to avoid oscillations in the potentiostat controller often
seen when using higher compensation percentages. A slanted baseline double layer charge
from the carbon support was measured at 0.35 V vs. RHE and subtracted from the total
charge from the hydrogen desorption region. The estimated charge density of desorbing a
monolayer of H from a Pt surface (210 uC cm™) was used to calculate the ECSA. Additional
baseline experiments were performed on the carbon support without metal present (Figure
14) to show that no Cu desorbed from the carbon upon operating under the same conditions

used for Cuypq for the supported catalysts.

[0175] For the Cuya measurements, the scan ranges were kept the same as Hyps and 2
mM CuSO4 was added into the solution. The first Cu desorption peak at ~0.3 V vs. RHE
corresponded to bulk Cu stripping, and the smaller peaks that follow from 0.3-0.8 V vs. RHE
corresponded to a monolayer of Cu stripping from the catalyst surface. The charges
obtained from Cu stripping were subtracted by the double layer baseline obtained in the Hypd
experiments in the absence of Cu?* ions in the solution. To further ensure that the Cuyq total
charge was only from the stripping of a monolayer of Cu, experiments were performed to
determine the appropriate deposition potential. The electrodes were first polarized at 1.0 V
vs. RHE for two minutes so that no Cu ions remained on the surface. Deposition potentials
from 0.28-0.48 V vs. RHE were applied for 100 seconds to deposit a monolayer of Cu?* on
the surface before applying a linear voltammetric scan (LSV) at 100 mV s™' from the
deposition potential to 1.0 V vs. RHE. The ratio of copper to hydrogen stripping charge as a
function of the deposition potential is shown for Pti0o/C in Figure 14C. Baseline LSVs
conducted at the same starting potential with different scan rates on commercial PtRu/C
showed minimal effect on the Hypa and Cuua ECSA (Figure 14D).

Example 6 — Thermocatalytic and Electrocatalytic Reduction Experiments
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[0176] A NaBH4 reduction synthesis was used to synthesize Pt7;sRu.s/C. The carbon black
(Vulcan XC 72; Fuel Cell Store) was pretreated at 400 °C for 2 hrs to remove surface
impurities. Afterwards, the support was suspended and sonicated in Millipore water (18.2
MQcm, Millipore MilliQ system) for 15 min. Measured concentrations of RuCls (38% Ru; Alfa
Aesar) and H>PtCls (38—40% Pt; Sigma Aldrich) in Millipore water were added to the solution
and stirred for another 15 min before 40 mg of NaBH,4 (Sigma Aldrich) dissolved in 25 mL of
Millipore water were added to accelerate the reaction. The final solution was stirred for 2 hrs
before centrifuging three times at 3000 rpm for 8 min each and washed with Millipore water.
The recovered solid was dried overnight in an oven at 80 °C in air. All commercial catalysts
(Pt/C and PtRu/C) were purchased from Fuel Cell Store. For the nitrate concentration and
pH effect studies, the commercial PtRu/C was used instead of the most active synthesized
Pt7sRu»s/C because a single batch of commercial PtRu/C was sufficient to perform all
studies. Using PtzsRus/C for these studies would require multiple batch syntheses and

introduce batch-to-batch variations in the measurements.

[0177] The final metal loadings were determined by using thermogravimetric analysis
(TGA) on a Shimadzu TGA-50H in a quartz pan. All catalyst samples were pretreated under
He at 100 °C for 30 min to remove surface contaminants and adsorbed water. Samples were
heated to 700 °C at 10 °C/min in air to oxidize all the carbon. The metal weight loading was
determined by dividing the final weight by the initial weight prior to the temperature ramp. X-
ray diffraction (XRD) analysis was conducted using a Rigaku Miniflex XRD with Cu Ka
radiation and a Ni filter (A = 1.5418 A). The 28 range (10° < 26 < 90°) was scanned at 5°/min
with a 0.02° step size. Crystallite sizes were estimated using the Scherrer equation and the
Pt and Ru peaks were referenced to #04-0802 and #06-0663, respectively, from JADE XRD
processing software. Imaging and chemical characterization of the catalysts were performed
with scanning electron microscopy (Nova 200 Nanolab; Thermo Fisher) coupled with energy-

dispersive X-ray spectroscopy (SEM/EDX).
Thermocatalytic Nitrate Reduction Experiments

[0178] Thermocataiytic nitrate reduction activity was measured in a 125 mL 3-neck
jacketed flask (ChemGlass) at atmospheric pressure. For all experiments, 10 mg of catalyst
was suspended in 100 mL of Millipore water and stirred at 500 rpm. The solution was
sparged with H, (Cryogenic Gases) for at least 30 min to remove dissolved oxygen and
reduce the catalyst. The H; partial pressure (0.1-1 atm) was adjusted accordingly by co-
feeding Ar (Cryogenic Gases) while keeping the total flow rate consistent at 250 mL/min.
The temperature (20-50 °C) of the reactor was controlled via a refrigerated/heated bath
circulator (Fisher Scientific). Desired concentrations of nitrate (1-100 mM NaNOs) were

added to the reactor at the beginning of the reaction after H. pretreatment. For lower
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concentrations of nitrate (<10 mM NaNQOs), a sample was collected every 3 min for the first
15 min. At higher nitrate concentrations (>10 mM NaNQO3), a sample was collected every 15
min to ensure accurate rate quantifications under differential conditions. In all cases, a 1 mL
syringe was used to extract the sample from the reactor before centrifuging at 3000 rpm for
5 min to separate the aliquot solution and catalyst particles. Nitrate, nitrite, and ammonia
concentrations were measured using a UV-Vis spectrometer (Thermo Fischer, Evolution
350). The activity is reported as a turnover frequency (TOF) in moles of aqueous products

(e.g., ammonia, nitrite) per mole of surface metal per minute.
Electrocatalytic Reduction Experiments

[0179] A single-compartment, 3-electrode, glass electrochemical cell (Pine Research) was
used for electrochemical measurements with a clean graphite rod (Alfa Aesar, Ultra “F”
purity) as the counter electrode. A single junction reference electrode (Pine Research, in 4 M
KCI) was used in solutions with pH less than or equal to 7, and a double-junction reference
electrode (Pine Research, in 10% KNOs) was used in pH 10. Both reference electrodes were
calibrated at 1 atm of H, (Cryogenic Gases) in different pH solutions. The cell initially
contained 100 mL of electrolyte solution (pH 0: 1 M sulfuric acid; pH 1: 0.1 M sulfuric acid;
pH 3: 0.1 M sodium citrate + 0.1 M citric acid; pH 5: 0.2 M sodium acetate + 0.2 M acetic
acid; pH 7: 0.2 M sodium phosphate + 0.1 M citric acid; pH 10: 0.1 M sodium carbonate +
0.1 M sodium bicarbonate; Sigma Aldrich) with all anions in the solution confirmed to not
react at the operating potentials. The selected buffers were chosen from those that have
previously been used to study pH effects for electrochemical reactions where anion
adsorption was not reported to significantly impact the results. Prior to electrochemical
experiments, N2 (Cryogenic Gases) was sparged through the solution with a stir bar for at
least 45 min to remove traces of dissolved O,. Cyclic voltammogram (CV) scans after
sparging confirmed the absence of dissolved O> from the solution and stability of the working

electrode.

[0180] The working electrode was prepared and tested as described previously. Briefly, a
catalyst ink was prepared with a Nafion binder and deposited onto a glassy carbon rotating
disk insert (Pine Research) to result in a total loading of 9.6 ug of catalyst, including carbon.
The prepared electrodes were cleaned by cycling 50 times between hydrogen evolution and
oxidation potentials (from —=0.1 to 1.2 V vs. RHE) at 100 mV s™'. Both hydrogen
underpotential deposition (Hupa) and copper underpotential deposition (Cuued) were used to
accurately evaluate the electrochemically active surface area (ECSA) of the catalysts as
described previously. After an 85% compensation for internal solution resistance as
measured by electrochemical impedance spectroscopy, Hupd Was determined by cycling
between the onset of HER to Pt oxidation (pH 0: 0.06-1.3, pH 1: 0.07-1.3, pH 3: 0.05-1.3,
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pH 5: 0.05-0.8, pH 7: 0.06-1.3, and pH 10: 0.04-1.3 V vs. RHE), at a scan rate of 100 mV
s™" until the cyclic voltammograms were stable. The background-corrected hydrogen
desorption charge and the average charge density of Pt (210 uC cm™) were used to
determine the ECSA.

[0181] All chronoamperometry measurements were taken after an 85% compensation for
internal solution resistance as measured by electrochemical impedance spectroscopy. The
rotating disk electrode (RDE) was held at a rotation rate of 2500 rpm to eliminate mass
transfer limitations and minimize differences in the pH between the bulk solution and at the
electrode surface. A rotation rate of 2500 rpm was selected, as it was sufficiently high where
the reaction rates did not change with further increase in rotation rate. During the
measurements, the bulk pH of the solution did not vary by more than a pH of 0.1. Currents
were measured at four different applied potentials (0.05, 0.075, 0.1, 0.15 V vs. RHE) and
recorded as the average current in the final 20 s. A baseline current was recorded in the
electrolyte solution at each applied potential without the presence of nitrate. For ENO3;RR
experiments, 20 mL of dissolved sodium nitrate in electrolyte solution was added to reach
the desired concentration (0.01, 0.03, 0.1, 0.5, 1 M NaNQ3) before measuring the current at

each applied potential.
Apparent Activation Energy Measurements

[0182] For ENO3;RR measurements, reduction currents were recorded for 10 min at two
applied potentials (0.05V and 0.1 V vs. RHE) and four different temperatures (T = 10, 20,
25, 30 °C) after compensating for 85% of the internal solution resistance. The TNOsRR
experiments were prepared using similar methods as previously described and operated at
four different temperatures (T = 20, 30, 40, 50 °C). A heating/cooling jacket was used with a
refrigerated/heated bath circulator (Fischer Scientific) to maintain the desired temperature.
The difference in the temperature ranges selected were due to limitations of the
experimental setup. For ENO3RR experiments above 30 °C, thermal expansion caused the
glassy carbon electrode to pop out of the Teflon holder. A wider range of temperatures was
used for thermocatalytic measurements to reduce the influence of experimental error on the
results. The apparent activation energy (Es) was evaluated from an Arrhenius plot of the

current density or TOF.
Selectivity Measurements

[0183] ENO3RR measurements from depositing catalysts onto glassy carbon did not
generate high enough currents to allow for product quantification. Thus, 10 mg of powder
Pt«Ru,/C catalysts were directly deposited on 2.5x2.5 cm? pieces of carbon felt (6.35 mm
thick, 99.0%, Alfa Aesar) in 40 mL of 1 M H>SO4. To ensure all of the catalyst was deposited
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onto the carbon felt, the solution was mixed for 30 min with bubbling H> at 80 °C. In a two-
compartment electrochemical cell separated by a Nafion 117 membrane, these carbon felts
(CFs) were attached to a graphite rod (AGKSP grade, ultra “F” purity, Alfa Aesar) for use as

the working electrode for ENO3RR selectivity experiments.

[0184] Nitrate and select liquid-phase products (i.e., NO2~ and NH3) were measured using
UV-vis spectrometer (Thermo Fischer, Evolution 350). Nitrate was quantified using standard
spectrometry techniques. 10 pL from the sample aliquot was acquired and diluted to 2 mL
using Millipore water. 1 mL of this resulting, well-mixed solution was further diluted to 3 mL in
a quartz cuvette (Fisher Scientific, Azzota Corp 10 mm). UV-Vis measurements were taken
between 190-300 nm, and the nitrate concentrations were calculated via the adsorption
peak at 220 nm. Millipore water was used as the background and subtracted from the
sample spectra, and a calibration curve was created using known concentrations of NaNO;

in solution.

[0185] Nitrite (NO2") was quantified via a modified Griess diazotization reaction. 0.3 mL of
the extracted sample aliquot was diluted to 1 mL and neutralized with 1 M NaOH. 40 uL of
the Griess color reagent, which consisted of 2% sulfanilamide (Fischer Scientific, 298%) and
0.2% N-(1-napthyl)-ethylenediamine (Sigma Aldrich, 298%) in phosphoric acid (Acros
Organics; 85%) diluted to 0.1 M, was added. The resulting solution was left in the dark for 30
min before measuring absorbances at 543 nm. Known concentration of calibration standards
were made from NaNO; (>99.0%, Sigma Aldrich).

[0186] Ammonia was quantified by using the indophenol blue test with 1 mL of the sample
aliquot. 1 M NaOH (Sigma Aldrich, 99.99%) was added to the electrolyte solution to
neutralize the acid to a pH of 12. This was followed by sequentially adding 122 pL of sodium
salicylate (Sigma Aldrich, >99.5%), 27.3 pL of sodium nitroprusside dihydrate (Sigma
Aldrich, >99%), and 40 pL of sodium hypochlorite solution (Sigma Aldrich, 4.00-4.99%) to
the electrolyte solution and manually stirred together. The solution was covered and left for
40 min. The indophenol peak was identified as the maximum absorbance between 600-700
nm. A fresh 0.1 M HNO:; electrolyte solution prepared with the indophenol blue method was
used as the background and subtracted from the sample spectra. If the concentration of NH;
was too high and oversaturated the detector, the solution was diluted and retested. A
calibration curve was created using known concentrations of NH4Cl (99.99%, Sigma Aldrich)

and unknown NHj; concentrations were calculated using the Beer-Lambert law.

[0187] The faradaic efficiency (FE) for ENOsRR was calculated by dividing the charge
required to form the total NH: measured by the total charge passed during the steady-state

experiments. The total charge passed was calculated by integrating the reduction current
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over the duration of the experiment and the charge required from NH; was calculated by
assuming that eight electrons are required to form one molecule of NH; from one molecule

of nitrate.

[0188] The weight lnading of the catalysts was determined by TGA (Figure 28}, and
corresponding crystallite sizes were calculated by applying the Scherrer equation to the XRD
resuifs (Figure 39). Figure 38 shows the results from thermal gravimetric analysis (TGA) of
the Vulcan carbon supported catalysts. Both the Pt/C and PtRu/C showed total metal loading
around 30 wt%, as expected. The synthesized PtzsRu»s/C had 5 wt% lower loading than
targeted, indicating that not all the precursor was deposited on the supported during
synthesis. The manufacturing company claimed a 20 wt% loading for Ru/C, but the TGA

results show loadings closer to 30 wt%.

[0189] X-ray diffraction (XRD) spectra for Pt.Ru,/C catalysts and the corresponding Pt
and Ru powder diffraction files are provided in Figure 39. Increasing Ru composition in the
material increased the 26 angle of the Pt peaks. There were no separate Pt and Ru peaks

present in the alloys, indicating no phase segregation in the material.

[0190] The average nanoparticle sizes of PYC, PIRWC and Pt;sRuass/C were 2.6, 2.4, and
3.7 nim, respectively (Table 8}, The crystallite sizes and weight loading of the catalysts were
calculated by applying the Scherrer equation (Table 6). The different catalysts have roughly
the same average particle sizes. Additionally, the particle size of Pt7sRu2s/C matched

previously synthesized materials.

Table 6. Crystallite sizes and metal weight percent loading for platinum-ruthenium catalysts.

Catalysts Crystallite Size (nm) Weight Loading (%)
Pt/C 2.6+0.6 27.3
PtRu/C 24103 32.2
Pt7sRus/C 3.7+1.0 25.1
Ru/C 29105 28.7

[0191] Scanning electron microscopy (SEM) images and elemental analysis from energy
dispersive spectroscopy (EDX) are shown in Figures 40 and 41, respectively. EDX analysis
reveal that the metal nanoparticles are dispersed on the surface of the support and confirms
that the Ru at% increases as the Ru content in the alloy increases. Also, the at% of the
metal averaged over three different areas in the EDX analysis shows that the surface

composition of metals is similar to the target composition from synthesis.

[0192] SEM images of the Pt\Ru,/C catalysts are provided in Figure 40, and subsequent

elemental analysis from EDX is shown in Figure 41. No change in ammonia production rates



WO 2023/133036 PCT/US2022/082047
43

was observed at rotation rates beyond 500 rpm (Figure 42). To ensure that no mass
diffusion limitations occurred throughout TNO3RR experiments, the ammonia production rate
throughout the course of the reaction was measured for PtRu/C at three different stir rates
(Figure 42). As the catalysts were non-porous (and thus there are no internal diffusion

limitations), these results indicate a lack of transport limitations here.

[0193] As aresult, a 500-rpm stir rate was used throughout TNO3;RR experiments to
ensure no external mass transport limitations. Without the presence of metals on the Vulcan
carbon support, no catalytic activity is recorded (Figure 43). Additional baseline experiments
were performed to ensure that the catalytic effects observed are due to the metal alloy.
Figures 43A and 43B display the nitrate and product (i.e., ammonia, nitrite) concentrations
over the course of a standard 90 min reaction using no catalyst and Vulcan carbon,
respectively. Without the presence of metals on the Vulcan carbon support, no catalytic
activity was recorded. The miniscule amount of ammonia shown in these figures (~0.02 mM)
was subtracted as a baseline for analysis. A known concentration of ammonia was recorded
over the course of the reaction in Figure 43C. The consistent level of ammonia concentration
indicates that aqueous ammonia does not evaporate with continuous H; bubbling through

the system.

[0194] For TNO3;RR measurements for Pt/C, there was no observed nitrate conversion
and ammonia production activity. To ensure that this result was due to a catalytic effect
rather than experimental design issue, the amount of Pt/C was increased in the reactor from
10 mg to 50 mg. Figure 43D shows no significant change in catalytic activity with increasing
the amount of catalyst in the reactor. For comparison, the nitrate concentration for PtRu/C

was provided, where a drastic drop in nitrate is recorded over the course of 90 min.

[01956] Assuming ENOsRR follows a Langmuir-Hinshelwood model, both a single site
model (SSM) and multisite model (MSM) were considered to model the reaction. SSM
assumes a homogeneous electrode surface, the rate r can be derived as shown is Eq. S1 by
inserting expressions for the coverages into Eq. 1. Both nitrate and H* adsorb onto this
single site and competitively inhibit the other species. The adsorption equilibrium constants
Kn and Ky refer to the adsorption of nitrate and H*, respectively; C; refers to the bulk
concentration of species /; kssy denotes the rate constant of the surface reaction between

adsorbed nitrate and hydrogen for the SSM.

r=k KnKuCnCh
SSM (1 +KNCn+Ky Cr)?

[Ms!tm? (s

[0196] If TNOsRR follows a surface reaction RDS, it will obey the same rate equation.
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[0197] The main assumptions of the proposed multisite kinetic model (MSM) were as
follows: 1) There are two adsorption sites on the catalyst surface, *1,*2; 2) The reaction only
occurs between NO3*1 and H*» and thus each species competitively inhibits the other on the

opposite site. Adsorption equilibrium constants Ki, Kz, Kz, Ks, refer to Egs. S2-5,
respectively.

NO3 ++, 2 NOJ* + e~ (S2)
NO3 4+ %, 2 NOS + e~ (S3)
Ht++ +e =2 H" (S4)
Ht+ %, +e~ = H*: (S5)

[0198] The rate determining step is seen in Eq. S6, resulting in the corresponding rate law
shown in Eq. S7.

NO;* + H* > NO; + OH" (S6)

r = kMSMHN*leH*Z (87)

[0199] InEq. S7, 6;; refers to the surface coverage of the species i on site j. From these
assumptions, and assuming quasi-equilibrium in the adsorption reactions in Egs. S2-S5, a
rate law (Eq. S8) is derived relating reaction rate with bulk concentration of nitrate (Cn) and

H* (Cw), a constant of proportionality kusm [M s~ m™], and using a site balance in Eq S9.

= Kkysm KoK, (cN , CI(-:IA.,iI;(CN CH, 1) (S8)

Ky Kz Ky Ky

1= HN*l + 61.1*1 + 6*1 = 61\]*2 + 6]-]*2 + 6*2 (89)
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[0200] 8., and 6., are the coverage of open sites on site 1 and 2, respectively. This
MSM rate law is compared to that of the SSM for accuracy in predicting the nitrate reduction
reaction rate. A nonlinear least-square regression was performed on MATLAB version
R2020b, relating current density to concentration of H*. The SSM can be reduced to a two-
parameter fit (Egs. S10, S11), and the MSM to a three-parameter fit (Eqgs. $S12, S13). The

independent variable, x, may refer to Cy, or 10" depending on context.

i (S10)

0= Jegsy 2N M2 s m 2, f = —— + “XH M (S11)
Ky Ky Ky
Ax
" G (512
A= kysy Cyf [M?s'm 2], B= Cyf +K,[M].C= Cy(f‘* + K, [M] (S13)

[0201] The nitrate conversion TOF (for TNOsRR) and current density (for ENO3RR) was
studied as a function of H: pressure and applied potential, respectively, for the PYC, PIRWC,
and PtysRuys/C materials in Figure 34, These applied potentials and partial pressure ranges
were chosen because (1) appreciable ENO3;RR activity is typically observed between 0.05 to
0.15V vs. RHE and (2) typical TNO3;RR experiments are conducted with varying hydrogen
partial pressures up to 1 atm. For all catalysts that showed activity, increasing the hydrogen
driving force for reduction increases the rate of nitrate conversion. For TNGsRR, the TCF on
PtrsRuzs/C and PIRWC increases as H: partial pressure increases. Likewise, the current
density magnitudes from ENO;RR for all PLRuy/C catalysts increase as the applied potential
hecomes more negative and approaches 0V vs. RHE (the standard thermodynamic
potential for 1 bar Hy). Because the H; partial pressure and potential are related via the
Nernst equation, this finding implies that the driving force to form adsorbed hydrogen plays a
similar and important role in both TNCARR and ENO:RR, which is corroborated by prior
studies. It was also noted that a change in potential can bring different interactions between
charged speacies and change the elecironic energy of the metallic surface affecting both HER
and ENOsRR. However, this observation also supports the method of using the
computational hydrogen elecirode (where applied potential is equated {o the chemical

potential of hydrogen) to qualitatively model ENO:RR.
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[0202] The activity of the catalysts followed the order Pi;sRu2s/C > PIRu/C > PYC for both
TNO:RR (Figure 34A) and ENO:RR (Figure 34B) at pH 7. These measurements
demonstrated that the enhancement previously reported,® where PIRWC and PtysRus/C
were more active than Pt for ENO:RR at pH 0, also holds at pH 7. This was previously
atiributed the higher ENO3RR activity of Pt.Ru, compared with pure Pt to increased
adsorption strength of nitrate. PLRuy alloys have ensembiles of sites (e.g., P-Ru-Ruy, PEPE
Ru) that adsorb reactants and intermediates stronger than Pt The results here show similar
activity trends hold for PLRu,/C towards TNO:RR, suggesting that catalyst design metrics,
such as the nitrate adsorption energy, are related for TNO:RR and ENO:RR under this set of
conditions. The reason that PIRWC is less aclive than PlysRues/C, despite having more Ru
and thus more siles with stronger adsorption, is rationalized by a theorstical volcano plot,
where the nitrate adsorption is too strong and decreases the rate.® The decrease in activity

for PIRWC compared to PtzsRuxs/C is also observed for TNO:RR, but to a lesser extent.

[0203] While the behavior of TNO3RR and ENO3sRR with hydrogen pressure/applied
potential and catalyst alloying are qualitatively the same, there were differences in the
reactions when considering the quantitative activity of the catalysts. One difference in the
behavior was that for Pt/C there was no measured activity during TNO3RR, even with
increasing the amount of catalyst in the reactor (Figure 43D), whereas some catalytic activity
was observed for ENO3;RR. More specifically, while Pt/C was entirely inactive for TNO;RR
compared to PtRu/C or Pt7sRus/C (Figure 34A), a current density of 52 yA cm™ was
recorded for P/C at 0.05 V vs. RHE during ENOsRR (only 55% lower than PtRu/C, Figure
34B). These results agree with previous studies that showed no activity for Pt in TNO;RR.%°
However, the Pt catalyst has been demonstrated to be active for the thermocatalytic
hydrogenation of nitrite. Without intending to be bound by theory, it is believed that Ru was
responsible for hydrogenation of nitrate to nitrite and both Ru and Pt sites participate in
further hydrogenation of nitrite to ammonia. These results pointed to potential differences in
the hydrogenation mechanism between electrocatalytic and thermocatalytic reduction on the

surface of Pt.
Nitrate Concentration on PtRu/C

[0204] The data in Figure 35 shows that both TNO3;RR and ENOsRR have a positive rate
order in nitrate on PtRu/C at low concentrations (<0.5 M NaNOs) and a negative rate order in
nitrate at higher concentrations (>0.5 M NaNOz) for ENO3;RR. A positive rate order at low
nitrate concentrations for TNOsRR has been previously observed for kinetic studies on PdCu
alloys. For all applied potentials, ENOsRR on PtRu/C follows the same qualitative trend and
is the most active at 0.5 M NOs™ in pH 7 solution. The trends observed for ENO;RR showed
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the RDS was a surface reaction, which qualitatively agrees with a prior report that explores

nitrate concentration effects on Pt. A simple rate law for this reaction is:

rate = kO0y0y (1)
[0205] where k is the rate constant of the surface reaction and 9, and 8, represent the
hydrogen and nitrate coverages, respectively, and are controlled by their corresponding
equilibrium adsorption constants and concentrations for those species. At low nitrate
concentrations, both 8, and the current densities are directly proportional to the
concentration of nitrate in solution. There is a decrease in reaction rate at high nitrate
concentrations for ENO3RR, suggesting that the nitrate is blocking surface sites for H*
adsorption and inhibiting reduction. This hypothesis is supported by previous X-ray
absorption near edge spectra measurements on Pt/C, where addition of nitrate to solution
caused a decrease in hydrogen coverage, implying competitive adsorption between nitrate
and hydrogen. TNO3;RR ammonia production rates could not be accurately quantified using
UV-Vis spectroscopy for nitrate concentrations greater than 0.1 M NOs~, so activities above
that concentration are not included in Figure 35. The ENO:RR rates were measurable at
these concentrations because the activity is based on the current density, rather than direct
quantification of ammonia at short time scales. Selectivities for the alloys ranged from 93%
to 98% at 0.1 V vs. RHE and pH = 1, and assumed 100% selectivity to ammonia under these

conditions.

[0206] The ENOsRR activity as a function of nitrate concentration is rationalized using the

Langmuir-Hinshelwood model used to generate the rate law in Eq. 1 (Figure 44).

[0207] When fitting the LH models to nitrate concentration and experimental data, the B
and C fit parameters become equivalent, rendering the MSM mathematically identical to the
SSM. The data in Figure 44 showed the fit of this LH model to the experimental ENO:RR
activity at pH 1 and 7 for the considered catalysts. The nitrate concentration has little effect
on the activity of Pt/C. The rate of reaction on Pt,Ru,/C at pH 1 and pH 7 had a positive
order with respect to nitrate concentration until 0.5 M, where it became negative order.
Pt7sRu2s/C in pH 7 was the exception to this trend. The model qualitatively agreed with the
experimental data and helped to explain that increasing in nitrate concentration was
associated with increasing nitrate reduction activity up until concentrations between 0.2-0.4
M NOs~ as the nitrate coverage increased, whereas at higher nitrate coverages the surface

sites were blocked by nitrate and caused the rate to decrease.

[0208] Initially, both the SSM and MSM were fit to a pH range of 0-7 to describe the Cy
effect on rate (Figure 45A). Similar to fitting the data to nitrate concentration, B and C fit

parameters become equivalent, rendering the MSM mathematically identical to the SSM. In
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this analysis, pH 10 data was omitted due to potential oxide formation skewing the measured
reduction currents. Results of the fitting show negative R? values, which indicate that a
simple Langmuir-Hinshelwood model does not capture all the pH effects on nitrate reduction
activity. Previous experiments showed that catalyst activity is dependent on Cy at pH < 4.
Thus, additional fittings were conducted between pH 0—4 for the SSM (Figure 45B) and
MSM (Figure 45C). Although there are only three data points for each catalyst at this pH
range, the MSM shows a superior fit over the SSM fit.

[0209] The kinetic models explored were simplistic and only capture direct effects of Cy
and Cy, and thus cannot provide a comprehensive understanding for the effect of pH on
reaction rate. For example, pH affects the adsorption equilibria of both nitrate and protons

while the model assumes these equilibria to be fixed.

[0210] The fitted rate law captures that the activity for PtRu/C in pH 7 increased with
nitrate concentration up to 0.4 M, but decreased at higher nitrate concentrations. For a
surface reaction involving adsorbed hydrogen and adsorbed nitrate, increasing the nitrate
concentration had a similar effect as increasing the nitrate adsorption strength, as both lead
to higher nitrate coverages. The model provided a qualitative description of the relationship
between ENOsRR activity, nitrate adsorption energy, and nitrate concentration. Although,
there was the possibility of a bifunctional (multi-site) mechanism on alloys, there was no
conclusive evidence that this was the case from the kinetic modeling and thus it was

postulated that only the simplest model that qualitatively describes the data.

[0211] The results in Figures 34 and 35 imply that the computational volcano plots and a
simple Langmuir-Hinshelwood model apply qualitatively to both TNO;RR and ENO:RR,
where the rate was related to the amount of available hydrogen and the coverage of nitrate
on the surface. This similarity may be due to the two reactions sharing a common RDS or
catalyst properties that control their respective RDS. However, as observed for the contrast
between activity for Pt/C in ENO3;RR and TNO3RR, there were quantitative differences in
TNO:RR and ENOsRR.

pH Effects on Rate and Apparent Activation Energy of PtRu/C

[0212] Despite the similar effect of hydrogen chemical potential, alloying, and nitrate
concentration between TNO:RR and ENO3;RR, there were distinct differences when
considering the effect of pH and apparent activation energies (£,), Figure 38. TNC:RR
showed higher activity at pH 1 than pH 7 (Figure 36A). it contrast, the ENO;RR rates were
higher at pH 7 than pH 1. These rates were consistent with the order of the £, for TNC:RR
and ENOsRR, where the £, for TNOsRR was lower at pH 1 and the &, for ENOsRR was

lower at pH 7 (Figure 36B). The previously used volcano plots and the Langmuir-
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Hinshelwood models did not incorporate the effect of pH (all calculations implicitly assume
pH = 0).

[0213] Without intending to be bound by theory, it is believed that the higher activity and
lower £, observed for TNO3RR at lower pH was most likely because it is easier for nitrite to
either decompose or hydrogenate to other products in acidic conditions. At low pH, literature
has indicated higher nitrite hydrogenation TOF rates through increased surface coverage of
reaction intermediates, such as *NO and *HNO.* The £, for TNO:RR at pH 7 was 45 kd
mol™, similar fo that of measurements of Pt group metals in neutral solution. The lower £, at
pH 1 than pH 7 may arise from more favorable intermediate conversion o ammonia at low
pH. 11 is aiso possible that the pH (and corresponding changes in the electrochemical double

laver) affects the adsomtion of nitrate, which would influence the rate.

[0214] The shift in activity and £, for ENO:RR with pH was more challenging to
deconvolute than for TNO:RR. This change in activity may either be due to a different RDS
entirely at the different pH values or the same RDS, but with different coverages of the
intermediates. Although the pH may affect nitrate adsorption energy and thus the reaction
rate because the effect of pH is opposite for TNO:RR than ENQO3RR, other pH effects likely
piay a role in the reaction. Similarly, the conversion of nitrite being faster at lower pH values
(as described above for TNO:RR) does not explain the trend in pH for ENOsRR.

[0215] Previous reports hypothesize a mechanistic shift occurs with an increase in the pH
of the electrolyte solution for ENOsRR. In acidic media, the concentration of H* correlated to
the nitrate reduction activity. As the pH increased, the reaction stopped being dependent on
H*, and the hydrogen source was provided from H>O. Similarly, in the results, the FE for
ENOsRR changed from 93% at pH 1 to 54% at pH 7 (Figure 36B and Figure 46). Additional
Tafel analysis provided limited insights on the mechanism due to the limited range of testing
potentials (Figure 47). However, previous literature indicated that this change is likely due to
the reaction favoring an ammonia production mechanism at pH 1 and favoring a nitrogen

production mechanism at more basic pH.

[0216] The FE of PtRu/C towards NHs at pH 1 and pH 7 are shown in Figure 46. The
reactions were performed at 0.1 V vs. RHE for at least 6 hrs. The FE reaches ~ 93% at pH 1
after 5.5 hrs, whereas the FE reaches ~54% at pH 7 after 3 hrs. The increase in the
measured FE over time can be attributed to many factors. Because the measurements were
performed in a batch reactor on a porous carbon felt, diffusion limitations may have delayed
the transport of the products to the bulk solution. It is also possible that some intermediates
were forming on the surface of the felt but reacting slowing, which resulted in high FE

towards ammonia once the intermediates react. The reported FE was the averaged last four
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time points in each experiment. A Tafel analysis for the pH effect for PtRu/C was performed
(Figure 47). This analysis showed that there were significant differences between all the pH
tested, but the results were inconclusive regarding the mechanism. This is possibly due to

the narrow range of tested potentials.

[0217] The PtRu/C current densities for ENO3;RR for pH 0—10 at four different operating
potentials vs. RHE are shown in Figure 37. These results show that as the electrolyte pH
increases, the ENOsRR activity of PtRu/C increases, with a slight decrease or plateau at pH
7, which may be due to effects from the reaction environment or changes in the catalyst due
to pH. By examining the absolute current densities as a function of the potential vs. SHE,
similar trends were observed that as the pH increased, the current densities for nitrate
reduction increased (Figure 48). Without intending to be bound by theory, it is believed that
at pH 10, where the current densities are the highest, the catalyst may be forming Ru oxides
above pH 9 that are artificially inflating the reduction currents. It is also possible that the high
activity results from favorable Ru lattice strains from subsurface oxide formation. While XPS
surface characterization of the catalyst before and after an extended 8-hour steady-state
electrochemical experiment at 0.1 V vs. RHE and pH 10 showed marginally lower amounts
of surface Ru, the low intensity of the spectra makes it difficult to deconvolute for Ru
oxidation peaks (Figure 49). After normalization, the spectra from Figure 49 show that both
surface Pt and Ru content marginally decreased after an extended run. The low intensity of
the peaks from the measurements also makes it difficult to deconvolute Ru 3p for the
oxidation states. A previous study of ENOszRR on Rh and Pt reported that the reduction rate
decreases with the concentration of hydronium ions decreasing from pH 0 to 4, which is
opposite to what was observed for PtRu/C. In that work, NaCl was added as the pH
increased to maintain a constant ionic strength of the electrolyte. Because chloride is known
to inhibit both Pt and Rh for ENOsRR, the previously reported decrease in activity may be
due to increasing chloride inhibition of catalyst sites, not the change in pH. It is possible that
the ionic strength of the solution in the present response was affecting the reduction currents
and needs to be accounted for to obtain an accurate pH effect analysis. Figure 47 provides
the ionic strength of the buffer solutions at each pH, ranging from 0.25 (pH 1) upto 2.5 M
(pH 0). The ionic strengths vary from different pH solutions, but do not match the activity

trends observed in Figure 37, and so were not the sole cause of the pH effect.

[0218] The effect of pH on other electrocatalytic reactions has been studied extensively,
and some of the findings for other reactions may be applied to ENO;RR. Hydrogen binding
energy is one proposed factor in which pH influences catalytic activity, but other effects,
such as the ionic strength of the buffer, hydrogen equilibrium potential, point of zero free

charge (pzfc), and water orientation and reorganization energy, can also influence the
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activity. For hydrogen evolution, the activities for Pt group metals are much higher at lower
pH values, but the reason is debated in several recent reviews and publications. This
enhancement is the opposite direction of what was observed for ENO;RR. Oxygen reduction
reaction (ORR) is more complicated, with ORR activity on Pt(111) increasing as the pH
increases from 1 to 6 and decreasing with increasing pH past 11 and a predicted maximum
at pH 9. This trend is attributed to the ORR onset potential being positive and negative with
respect to the pzfc of the electrode in acidic and basic solution, respectively, causing the
switch in pH dependence. For ENO3;RR on PtRu/C, there seems to be a maximum with pH
similar to ORR, but the ENO3;RR maximum occurs at pH 5 (excluding potential oxide effects
at pH 10). Thus, one possible cause of the pH dependence of ENO:RR could be differences

in the surface charge of the electrode.

[0219] Although a Langmuir-Hinshelwood model describes some of the reaction data, it
does not adequately capture the effects of pH and the buffer solutions on the activity (Figure
45), indicating a lack of mechanistic understanding of these effects. In addition, in-situ
spectroscopy to detect surface intermediates and computational simulations that include the
influence of pH are necessary to understand this reaction better. Particularly,
elecirochemical-specific considerations need {0 be addressed to accurately model the effect
of pH for ENO3RR, as the effect of pH is different from what is cbserved for TNO:RR.

[0220] For all the ENO3RR measurements in different pH, different buffer solutions were
prepared to ensure that the pH of the solution remains constant throughout the reaction.
However, the ionic strength of the solution can also influence the reduction currents. Figure
50 displays the calculated ionic strength of all the buffer solutions prepared for the pH
experiments, and shows a large variation between 0.25-2.5 M for different electrolytes.
However, the pH trends do not match the ionic strengths of the solution, implying that other
effects, such as hydrogen equilibrium potential,® the point of zero free charge (pzfc),”® and
water orientation and interfacial solvent reorganization energy, may also influence the

current measurements with varying pH.

Net Changes in pH During Reaction

[0221] The balanced full-cell nitrate to ammonia reaction for ENOz:RR is:
NO3(aq) + 9HY +8e™ = NHy gy + 3H,0(y; E® = 0.82 V vs. RHE
4H,0qy = 20,5y + 8¢~ + 8H*; E° = 1.23 V vs. RHE

[0222] Hereitis assumed that oxygen evolution is the anodic reaction. The net reaction
is:

NOzq) t+ H* + H,0(y = NH3z(aq) + 20,y
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For TNOsRR, if the hydrogen is produced from water electrolysis the reaction is:
8e™ + 8H* = 4Hy ) E® = 0V vs. RHE
4H,0() = 20,4 + 8¢~ +8H*; E° = 1.23 V vs.RHE
[0223] The TNOsRR using this hydrogen is:
H* + NO3(4q) + 4Hy(g) = NHz(qq) + 3H,0
[0224] Thus, the net reaction is the same as ENOsRR if H> comes from water electrolysis:
NO3(uq) + HY + Hy0() = NHy(qq) + 205,

[0225] Therefore, in both cases one net proton would be consumed per ammonia
produced, requiring a balancing to maintain a constant pH. Although more than one proton is
required for ENO3;RR half-cell reaction, all but one proton is provided from the anodic
reaction, which in a commercial system would be via a proton conducting membrane.
Without a sufficiently conductive or selective membrane, a local pH gradient may build up at

the cathode compartment in a commercial system.

[0226] Many modifications and other embodiments disclosed herein will come to mind to
one skilled in the art to which the disclosed compositions and methods pertain having the
benefit of the teachings presented in the foregoing descriptions. Therefore, it is to be
understood that the disclosures are not to be limited to the specific embodiments disclosed
and that modifications and other embodiments are intended to be included within the scope
of the appended claims. Although specific terms are employed herein, they are used in a

generic and descriptive sense only and not for purposes of limitation.

[0227] Itis also to be understood that the terminology used herein is for the purpose of
describing particular aspects only and is not intended to be limiting. As used in the
specification and in the claims, the term “comprising” can include the aspect of “consisting
of.” Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which the disclosed
compositions and methods belong. In this specification and in the claims which follow,

reference will be made to a number of terms which shall be defined herein.

[0228] As will be apparent to those of skill in the art upon reading this disclosure, each of
the individual embodiments described and illustrated herein has discrete components and
features which may be readily separated from or combined with the features of any of the
other several embodiments without departing from the scope or spirit of the present
disclosure. Any recited method can be carried out in the order of events recited or in any

other order that is logically possible.
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[0229] The use of the terms “a,” “an,” “the,” and similar referents in the context of the
disclosure herein (especially in the context of the claims) are to be construed to cover both
the singular and the plural, unless otherwise indicated. Recitation of ranges of values herein
merely are intended to serve as a shorthand method of referring individually to each
separate value falling within the range, unless otherwise indicated herein, and each separate
value is incorporated into the specification as if it were individually recited herein. The use of
any and all examples, or exemplary language (e.g., “such as”) provided herein, is intended
to better illustrate the disclosure herein and is not a limitation on the scope of the disclosure
herein unless otherwise indicated. No language in the specification should be construed as
indicating any non-claimed element as essential to the practice of the disclosure herein.
Example 7 - Electrochemical Reactor

[0230] Electrocatalyst preparation. Supported nanoparticle catalysts were prepared as
inks and deposited on a glassy carbon rotating disk electrode (RDE, Pine Research Inst.,
Inc) or a carbon felt (6.35 mm thick, 99.0%, Alfa Aesar). 30 wt% PY/C, 20 wt% Rh/C, and 30
wt% PtRu/C were used as catalysts. For all inks, a 5 wt% Nafion in alcohol solution (Sigma
Aldrich) was used as the binder. The catalyst was pre-treated before being used for flow cell

measurements.

[0231] Electrochemically active surface area. The electrochemically active surface area
(ECSA) was measured using hydrogen underpotential deposition (Hupd) on Pt/C, Rh/C, and
PtRu/C. Copper underpotential deposition (Cuupa) was only measured on PtRu/C in the batch
cell configuration. The ECSA for normalizing current was measured prior to each
electrochemical measurement (each current density has an ECSA value). The potential
range was 0.05 to 0.8 V vs. RHE for Rh/C and 0.05 V to 1.0 V vs. RHE for Pt/C and PtRu/C.

[0232] Electrocatalytic nitrate reduction reaction measurements. Nitrate reduction
measurements were taken at a constant potential for 20 minutes on a VSP or SP 150
potentiostat using EC-Lab software (BioLogic, Inc.). In the both the batch and flow cell, the
current density reported was from the average current during the last 5 minutes of the
measurement. In the batch cell with the catalysts deposited on a RDE, 85% iR
compensation was applied during the measurement and the correction was less than 1 mV.
iR correction for the flow cell measurements was applied after measurement; the series
resistance was ~0.05 Q for all catalysts in 0.1 M H>SO4 and 0.1 M HNO:s. For the flow cell, a
sample of the outlet solution was taken during the last 5 minutes of the measurement. The
electrolytes for the working and counter electrode compartments were held in 60 mL plastic
syringes and flowed through the electrochemical cell using a syringe pump (LongerPump®
model LSP02-1B). The electrolyte was sparged with N2 for 1 hour prior to being drawn into

the syringe. The electrolyte in the syringe was degassed by drawing a slight vacuum by
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pulling the plunger, tapping on the side of the syringe, and releasing the gases that
accumulated at the opening of the syringe. Degassing was performed until the amount of
gas at the opening of the syringe was negligible. The solution in the syringes was degassed
to prevent formation of gas pockets (of O» or Hy) within the electrochemical cell or carbon felt
during operation which could lower the available surface area for reaction or increase the

cell potential.

[0233] Product quantification and faradaic efficiency towards ammonium. The
samples for constant potential measurements were collected in a scintillation vial at the
outlet of the flow cell over the last 5 minutes of the measurement. For Faradaic efficiency
analysis, the currents from one residence time prior to sample collection time were used.
UV-Vis spectroscopy was used for ammonium (NH4") quantification. Ammonium itself is not

active in the UV-Vis range, therefore the salicylate colorimetric method was used.
[0234] Flow reactor setup and testing

[0235] The electrochemical flow reactor had two compartments (working and
counter/cathode and anode) and a connection for a reference electrode (RE) (working
electrode (WE) compartment) as shown in Figures 51A and 51B. The flow cell comprises of
two end plates, two PEEK plates with O-rings, two current collectors, two Cu flags to
establish connection to the potentiostat from the electrode each compartment, two gaskets
with holes for fluid flow, two flow fields, and two gaskets without holes (listed from the
outside of the flow cell to the center, the flow cell is symmetric). The compartments were
designed for carbon felt as electrodes due to its high surface areas and conductivity. In both
compartments, flow channels were provided to help direct the electrolyte and encourage
equal distribution across the compartment. The membrane prevented product crossover
from one compartment to another and provided a physical separation between the WE and

CE that prevented short circuiting.

[0236] A IrO. paper was also used as a CE alongside the unmodified carbon felt to lower
the overpotential for oxygen evolution (and total cell potential). The carbon felt and IrO;
paper CE was loaded into the counter electrode compartment and then covered with a
Nafion 117 membrane which had been stored in Millipore water for at least 24 hours prior.
The working electrode compartment was then constructed similarly using the prepared WE
felt. The electrolyte was flowed through the flow cell for twice the residence time prior to
electrochemical measurements. From open circuit voltage (~ 700 mV vs. RHE for Pt/C and
Rh/C in 0.1 M H>S0O,), for the first measurement, the potentiostat had difficulty applying a
potential or performing a cyclic voltammogram. To avoid this, the catalyst was pre-

conditioned before use.
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Load PtRu catalyst onto high surface carbon felt

[0237]

performance in the batch RDE system and the carbon felt flow cell system. ECSAs were

Measuring the electrochemical surface area is imperative to compare the catalyst

determined for catalysts in the batch RDE system and the flow cell system while loaded on a
carbon felt using the method developed here. Figures 53A-52C show typical Hypa and Figure
52D shows a Cuya obtained when estimating the ECSAs of Rh/C, Pt/C, and PtRu/C
catalysts. After normalization to the ECSA and adjusting for differences in scan rate, the
current densities from Hyoq were on the same order of magnitude between the two systems.
For Rh/C and Pt/C, the characteristic hydrogen underpotential peaks were visible on both
the carbon felt and RDE, even though the mass loading on the carbon felt was two to three
orders of magnitude greater on the carbon felts compared to the Hyu region when measured

in the flow cell.

[0238]

on the carbon felt for all catalysts tested (Table 7). The catalysts deposited onto the felt have

The fraction of catalyst that is electrochemically active was higher on the RDE than

lower ECSA per mass loaded when deposited due to catalyst loss on the felts, parts of the
catalyst may not be accessible to the electrolyte due to packing of the catalyst on the felt,
and underestimation of ECSA using Hupa for catalyst in the felts. The felt loading is estimated
by subtracting the mass of catalyst that does not adhere to the felt (collected after
deposition) by the total mass of catalyst attempted to be deposited onto the felt. Though an
ionomer binder was used during catalyst deposition on to the carbon felts, the catalyst
nanoparticles can be knocked loose from the felt during the reaction and were observed in
the outlet collection reservoir after the experiment. Catalyst loss on the felts would
underestimate the ECSA per mass for the carbon felts with catalyst. Additionally, over-
packing electrocatalyst ink on the carbon felt could reduce the active material available to
the solution by creating catalyst ink layers, where the bottom layer does not contact the

solution.

Table 7. Catalyst loading (metal only) onto RDE and felt, electrochemically active surface
area from Hypa Or Cuypa, and ECSA per mass loaded. RDE geometric area is 0.196 cm? and

felt geometric area is 5.52 cm?.

Catalyst RDE ECSA ECSA per Felt ECSA ECSA per
loading from RDE mass loading from felt mass

20 wt% Rh/C 2.9 ug 2.3 cm? 78.1 m?/g 2.0 mg 142 cm? | 34.6 m3/g

30 wt% Pt/C 1.9 ug 2.0cm? 105.3 m?/g 5.5 mg 1012 cm? | 60.6 m?%g

30 wt% PtRu/C 1.9 ug 1.2 cm? 63.7 m3/g 3.3mg 374cm? | 37.8 m3g
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[0239] All three catalysts lose ECSA during nitrate reduction, but PtRu/C was observed to
especially undergo preferential Ru dissolution. Figure 53 shows the Hyp currents observed
on each catalysts before and after 20 minutes of chronoamperometry at 0.1 V vs. RHE in the
batch RDE system. The Rh/C and Pt/C begin with ECSAs of 2.26 cm? and 2.00 cm? but
decrease by 7-18% (to 1.84 cm? for Rh/C and 1.86 cm? for Pt/C) after 20 minutes of
measurements. Using Hypg to estimate the ECSA, the PtRu/C begins with 0.76 cm? and
increases to 0.95 cm? after nitrate reduction. In Figure 53C, the Hya currents decrease at the
adsorption potentials (0-0.3 V vs. RHE) and the overall increase in ECSA is due to the
decrease of charge in the double-layer (measured at 0.4 V vs. RHE) and changing of the

electrode surface.

[0240] Without intending to be bound by theory, it is believed that the ECSA loss may be
related to poisoning of intermediates, surface restructuring, or mechanical loss. To address
the issue of varying ECSA for kinetic measurements, the ECSA was measured before and
after kinetic measurements to account for the decrease in available surface area. Between
prior to and between sequential nitrate reduction measurements, the electrodes were cycled
between oxidative and reductive potentials to clean the electrode surface, which for PtRu/C

would cause Ru dissolution during the cleaning procedure.
Initial ammonia production quantification as a function of potential in flow conditions

[0241] The current densities at a given potential did not match for all catalysts between
those in the RDE and those in the flow cell. Within the flow cell activity sets, there was large
uncertainty in the value reported (e.g., Rh/C at 0.1 V vs. RHE at 2 mL/min is 4-5 times
greater in Figure 54 compared to what is reported in Figure 55) even though the data was
collected and analyzed similarly. For RDE experiments, the currents densities for each
catalyst measured at the same conditions were closer (less 25% of their total value
different). The current density on Pt/C on the RDE in Figure 54A ranged from —0.002 to
-0.001 mA cm™2, with higher rates at lower rotation rates, while the current density in the
flow cell ranged from —0.006 to -0.001 mA cm™2, with higher rates at slower flow rates.
Slower mass transport could result in a concentration gradient near the electrode surface,
e.g., depletion of nitrate and protons. Without intending to be bound by theory, it is believed
that the local pH increase and nitrate concentration decrease may cause the differences in
the reduction rate on the different catalysts. For PtRu/C, on the RDE the current densities
were approximately —0.005 mA cm™, while in the flow cell the current densities are
approximately —0.015 mA cm™. This is attributable to the normalization of the activity, since
the RDE measurements were normalized based on the Huypa ECSA, while the flow cell was
normalized based on the dispersion. On Rh/C, the current densities in the RDE were higher
than in the flow cell at 0.1 V vs. RHE. Similar to Pt/C, the higher current densities for Rh/C



WO 2023/133036 PCT/US2022/082047
57

on the RDE may be due to mass transport at the electrode in the different cell configurations.
Ultimately, the difference in magnitude between the RDE and the flow cell current densities

could be attributed to the ECSA normalization for the measurements in the flow cell.

[0242] The activity trends on an RDE (Pt/C < PtRu/C < Rh/C) match those in the flow cell.
In Figure 54A, under all rotation conditions Rh/C was the most active, followed by PtRu/C,
then Pt/C. The same trends were seen in the flow cell in Figure 54B. The effect of potential
was qualitatively similar in the RDE as in the flow cell on PtRu/C and Rh/C, but different on
PY/C. On Pt/C, with the RDE as the potential became more negative the activity increased,
but in the flow cell as the potential became more negative the activity decreased slightly. The
difference in the potential dependence on Pt/C implies that one or both of the observed
activity measurements are not intrinsic kinetics (i.e., one or both are limited by mass
transport). Without intending to be bound by theory, it is believed that RDE measurements
are at sufficiently high transport that they are not mass transfer limited. The flow cell may be

transport limited due to the low flow rates achievable with the syringe pump.
Results for ammonia production

[0243] The highest rate of ammonia production in the flow cell was with Rh/C at 0.05 V vs.
RHE with a flow rate of 2 mL/min with a nitrate reduction current density to ammonia of
-0.18 mA/cm? normalized to the Rh surface area and —105 mA/cm? normalized to the

geometric surface area (electrolyzer area).

[0244] The foregoing description is given for clearness of understanding only, and no
unnecessary limitations should be understood therefrom, as modifications within the scope

of the disclosure may be apparent to those having ordinary skill in the art.

[0245] All patents, patent applications, government publications, government regulations,
and literature references cited in this specification are hereby incorporated herein by
reference in their entirety. In the case of conflict, the present description, including

definitions, will control.

[0246] Throughout the specification, where the compounds, compositions, methods,
and/or processes are described as including components, steps, or materials, it is
contemplated that the compounds, compositions, methods, and/or processes can also
comprise, consist essentially of, or consist of any combination of the recited components or
materials, unless described otherwise. Component concentrations can be expressed in
terms of weight concentrations, unless specifically indicated otherwise. Combinations of
components are contemplated to include homogeneous and/or heterogeneous mixtures, as
would be understood by a person of ordinary skill in the art in view of the foregoing

disclosure.
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What is claimed is:

1. A method for electrocatalytic conversion of nitrate to ammonia, comprising:

contacting a nitrate containing source with an electrode comprising a PtRu,/C catalyst
while applying a potential sufficient to reduce nitrate to thereby convert nitrate present in the
nitrate containing source to ammonia, wherein the PtRu,/C catalyst comprises a carbon
substrate having PtRuy nanoparticles disposed thereon, and x is about 48 at% to about 90

at%, and y is 1-x.

2. A method for electrocatalytic nitrate reduction in a flow reactor, comprising:

flowing a nitrate containing source into a working electrode compartment of an
electrochemical cell while applying a potential to the cathode,

wherein:

the electrochemical cell comprising a cathode electrode in the catholyte electrode
compartment, and an anode electrode disposed in an anolyte electrode compartment,

the anode electrode compartment being separated from the cathode electrode
compartment by a membrane,

the cathode electrode comprises a carbon substrate with a PtRuy nanoparticles
disposed thereon to form a PtRu,/C catalyst, with x being about 48 at% to about 90 at%,
andyis 1-x, and

upon contact with the PtRu,/C catalyst nitrate is converted to ammonia.

3. The method of claim 1 or 2, wherein the carbon substrate is carbon felt.
4. The method of claim 3, wherein the carbon felt is disposed on a graphite rod.

5. The method of any one of claims 1 to 4, wherein the counter electrode comprises a

carbon substrate having a conductive catalyst disposed thereon.
6. The method of claim 5, wherein the conductive catalyst is RuO, IrO; or mixtures.

7. The method of any one of claims 1 to 6, wherein the nitrate source comprises an

electrolyte and nitrate present in a concentration of about 1 mM to about 1 M.

8. The method of any one of the preceding claims, wherein the nitrate source has a pH
of about 5 to about 7.

9. The method of any one of the preceding claims, wherein the cathode electrode has a

catalyst loading of about 0.1 mg per cm? to about 10 mg per cm?.
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10. A method of thermocatalytic conversion of nitrate to ammonia comprising:

generating H> in an aqueous suspension of a PtiRu/C catalyst, wherein x is about 48

at% to about 90 at% and y is 1-x;

flowing a nitrate containing source into the suspension containing the catalyst and
generated H», wherein upon contact with the catalyst nitrate in the nitrate containing source

is converted to ammonia.

11. The method of claim 10, wherein the aqueous suspension has a pH of about 1 to
about 5.

12. The method of claim 10 or 11, wherein the aqueous suspension is stirred while

flowing a nitrate containing source into the suspension.

13. The method of claim 12, wherein the aqueous suspension is stirred at a range of
about 100 rpm to about 10,000 rpm.

14. The method of any one of claims 10 to 13, wherein generating H> comprising

applying a potential to the aqueous suspension to generate H. through water splitting.

15. The method of any one of claims 10 to 13, wherein generating H> comprising

sparging the aqueous suspension with H; gas.

16. The method of any one of claims 10 to 15, wherein the suspension is maintained at a
temperature of about 25 °C to about 90 °C while the nitrate containing source is flowed

through the suspension.

17. The method of any one of claims 10 to 16, wherein the catalyst is present in the
aqueous suspension in an amount of about 1 mg catalyst per liter aqueous suspension to

about 100 mg catalyst per liter aqueous suspension.
18. The method of any one of the preceding claims, wherein the x is about 75 to 90.

19. The method of any one of the preceding claims, wherein the PtiRuy nanoparticles

have an average diameter of about 2 nm to about 6 nm.

20. The method of any one of the preceding claims, wherein the method has an

ammonia Faradaic Efficiency of at least about 85%.
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21. The method of any one of the preceding claims, wherein the nitrate source is
wastewater, agricultural runoff, refuse runoff, sewage waste, low-level nuclear waste, and

urban drainage.

22. The method of any one of the preceding claims, wherein the nitrate source comprises
nitrate in a concentration of about 1 mM to about 1000 mM.

23. The method of any one of the preceding claims, wherein the nitrate source is

pretreated by concentration to increase the nitrate concentration.

24. The method of claim 23, wherein the nitrate source is concentrated by reverse
osmosis or electrodialysis.

25. The method of any one of the preceding claims, wherein the nitrate source is

pretreated to remove or reduce a concentration of heavy metal ions.
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