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A B S T R A C T   

Electrocatalytic reduction is a promising alternative to remove nitrate (NO3
–) from water and potentially recover 

value-added ammonia, but advancements are needed to reduce costs and promote technology adoption. Five 
monometallic catalysts on activated carbon cloth (ACC) electrodes were evaluated for electrocatalytic NO3

– 

treatment in a previously developed scalable flow reactor. We report Cu and, for the first time, In (as In2O3) are 
the best performing catalysts regarding NO3

– reduction activity (0.45–2.4 L gmetal
–1 min–1), Faradaic efficiency (FE), 

and NH4
+ selectivity, with intermediate NO2

– accumulation using Cu and NH2OH using In. We discovered trace Pd 
addition (i.e., 0.01 wt%) to Cu eliminates NO2

– accumulation, while approximately doubling activity, and 
boosting FE and NH4

+ selectivity (99 %). Activity of Cu–Pd/ACC decreased with repeated treatment cycles but 
was easily recovered in situ via electrochemical regeneration. Electrocatalytic NO3

– reduction costs with the 
Cu–Pd electrode were estimated less than IX or catalytic treatment, indicating economic viability.   

1. Introduction 

Due to its widespread occurrence in natural waters [1–4] and health 
effects [5], NO3

– was among the first contaminants regulated by the U.S. 
Environmental Protection Agency (EPA) [6] after the Safe Drinking 
Water Act was passed in 1974. A number of technologies have evolved to 
remove NO3

– from water [7]. The most common is ion exchnage (IX), 
followed by reverse osmosis (RO). Neither destroy NO3

– but transfer it 
from one phase to another that still requires treatment and disposal [7]. 
Further, RO is relatively energy intensive and is typically only consid
ered when concominant salt removal is required [7,8]. Another alter
native is biological treatment, but it suffers from slow start-up times, 
sensitivity to influent water quality conditions, and concerns for path
ogen growth in drinking water [7]. A promising alternative is electro
catalytic reduction of nitrate in the presence of a catalyst to enhance 

reaction kinetics and control end-product selectivity. This approach 
results in complete destruction of nitrate, with little to no start-up period 
and little concerns for promoting pathogen growth. However, concerns 
persist regarding this technology’s reliability, control for end-product 
selectivity, and cost. 

Electrocatalytic reduction relies on an applied current to supply 
electrons for NO3

– reduction, either directly or via conversion of protons 
to atomic hydrogen. It emerged as a more promising alternative than 
conventional catalytic treatment, which requires H2 gas addition as the 
electron donor. H2 gas represents a safety concern during storage and 
handling, and results in gas-liquid mass transfer limitations in the fixed- 
bed reactors likely required at water treatment plants [9,10]. Early 
studies of electrocatalytic NO3

– reduction used pure metal(s) or metal 
particles deposited on conductive supports as the working electrode. The 
most studied metal particles are platinum group metals (PGMs) 
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including Pd [11–13], Pt [14–16], Rh [17–19], Ir [20], and Ru [21], 
followed by the coinage metal Cu [22,23], and in a few instances, Sn 
[24,25]. In some cases, these metals were combined with one another to 
form bimetallic catalysts [26,27]. Common supports include activated 
carbon cloth, carbon paper, and glassy carbon electrodes. 

The aforementioned choice of metals is partially supported by an 
experimental survey that used a suite of pure metal foils as working 
electrodes for NO3

– reduction [21]. They determined relative activities (i. 
e., current density) of PGMs are Rh>Ru>Ir>Pd~Pt, and those of 
coinage metals are Cu>Ag>Au. The choice of these metals is also 
partially supported by a more recent density functional theory (DFT) 
study that calculated NO3

– reduction activities for different metals at 
0 V/RHE [28], the thermodynamic potential at the onset of the 
hydrogen evolution reaction (HER). At and above this potential, HER is 
minimized such that the applied current is primarily directed toward 
NO3

– reduction resulting in a greater Faradaic efficiency. The results 
indicate that the most active metals at this potential are Ru, Ir, Cu, and 
Co, but not Rh, Pd, Pt, Ag, or Au. 

Lacking is experimental data elucidating how the most promising 
metals evaluated as pure foils or via DFT perform on realistic electrode 
supports in a scalable electrocatalytic reactor, including their relative 
NO3

– reduction activity, selectivity for either dinitrogen or ammonia, and 
overall energy consumption. Ammonia is usually the dominant end 
product during electrocatalytic nitrate reduction, and its recovery is 
touted as a way to offset production via the energy intensive Haber- 
Bosch process [29]. However, nitrate reduction can stall at one or 
more intermediates, and dinitrogen production can be a preferred end 
product for direct drinking water treatment. Overall energy consump
tion is a function of dinitrogen selectivity, Faradaic efficiency, mass 
transfer limitations, reactor current density, and operating potential, 
and these factors along with the active metal(s) are the main cost 
drivers. 

The goal of this work is to explore the potential for electrocatalytic 
reduction to competitively treat NO3

–-contaminated water in place of ion 
exchange (IX). We build on prior DFT results [28] by selecting five 
promising catalyst metals deposited on carbon cloth electrodes for 
evaluation of their NO3

– reduction activity and Faradaic efficiency in a 
filterpress flow reactor presented in our prior work [30]. The metals are 
Ru, Ir, Co, and Cu, plus In based on its similarity to Cu regarding oxo
philicity and use as a promoter metal in conventional catalytic NO3

– 

reduction [31]. The filterpress reactor is used because in prior work [30] 
we demonstrated that reaction kinetics and not mass transfer limit 
overall reaction rates, and it can be plausibly scaled for water treatment 
[32]. The two best-performing catalysts (i.e., Cu and In) are then eval
uated for the full range of reaction products, and for Cu, this motivates 
adding a second metal to overcome a stalled intermediate reaction. 
Longevity and regeneration of the best-performing electrodes are then 
explored, and the metal loadings and energy consumption are used to 
estimate costs for comparison to conventional catalytic treatment and 
IX. The results highlight that Cu amended with trace Pd achieves the 
highest Faradaic efficiency among the tested metals, a high activity, 
ammonia selectivity, and facile in situ regeneration, and that the cost for 
this technology is lower than conventional catalytic treatment and IX, 
the current go-to technology. 

2. Experimental section 

2.1. Reagents 

All chemicals used are described in the Supporting Information (Text 
S1). All solutions were prepared in ultrapure water (18.2 MΩ⋅cm) pro
duced by a Barnstead Nanopure system (Thermo Fisher Scientific). 

2.2. Preparation of Ru/Ir/Co/In/In-Pd/Cu/Cu-Pd on activated carbon 
cloth (ACC) cathode 

Kynol activated carbon cloth (ACC–5092–10) served as the working 
electrode support and was obtained from Gun EI Chemical Industry 
(Japan). A single metal (i.e., Ru, Ir, Co, In, or Cu) other than Pd was 
deposited using incipient wetness impregnation on a piece of ACC 
(hereafter referred to as M/ACC) that was cut to 2.5 cm × 2.0 cm (L × W; 
~0.1200 g). The desired concentration of each metal salt precursor so
lution was determined based on the pore volume of ACC and a target 
metal loading of ~2 wt%, and the solutions were prepared by dissolving 
the corresponding metal salt in ultrapure water. An aliquot of the metal 
salt precursor solution that equals the pore volume was then added 
dropwise to ACC. A small amount of ethanol was used in some cases to 
prewet the ACC before adding the metal precursor solution to help 
distribute it evenly. The metal precursor loaded ACC was then placed in 
a tube furnace and dried in air at 60 ◦C for 12 h, calcined under N2 flow, 
and reduced under H2 flow both at 220 mL min–1 for 3 h and at an 
elevated temperature specific to the deposited metal. The calcination 
and reduction temperatures used for each metal are shown in Table S1. 
Bimetallic catalysts Cu–Pd and In–Pd were also deposited on the ACC, 
referred to as Cu–Pd/ACC and In–Pd/ACC, hereafter. For Cu and Pd 
deposition on Cu–Pd/ACC, the target Cu loading remained ~2 wt% 
while the target Pd loadings were either 0.01 wt% or 0.1 wt%. There
fore, two Pd(NO3)2 solutions of different concentrations were required. 
After the ACC was loaded with the desired amount of Cu(NO3)2 solution 
and dried in air at 60 ◦C for 12 h, the corresponding Pd precursor so
lution was added to the ACC and dried in the same manner. The bimetal- 
loaded ACC was then calcined under N2 flow and reduced under H2 flow 
at 220 mL min–1 and 400 ◦C for 3 h, as with Cu/ACC. For In and Pd 
deposition on In–Pd/ACC, the target In loading was ~2 wt% and the Pd 
loading was 0.01 wt%. The desired amount of Pd(NO3)2 solution was 
first loaded on the ACC, dried in air at 60 ◦C for 12 h, calcined under N2 
flow and reduced under H2 flow both at 220 mL min–1 and 400 ◦C for 
3 h. The Pd deposited ACC was then loaded with In(NO3)3 solution, air 
dried and calcined the same way as for Pd, and reduced under H2 flow at 
220 mL min–1 and 120 ◦C for 3 h. As a control, a 1 wt% Pd 0.1 wt% In/ 
ACC electrode (referred to as Pd–In/ACC) evaluated in prior work [30] 
was also synthesized following the same method. 

2.3. Electrocatalytic nitrate reduction experiments 

2.3.1. Nitrate reduction experiments in filterpress flow reactor 
The electrocatalytic nitrate reduction experiments were conducted in 

the filterpress flow reactor evaluated for electrocatalytic nitrite reduc
tion in our prior work [30]. The M/ACC served as the cathode, and IrO2 
on carbon paper (Dioxide Materials, FL) served as the anode. The 
reference electrode (RE) was a Ag/AgCl electrode in 1.0 M KCl solution, 
which has a thermodynamic potential of 0.222 V vs. standard hydrogen 
electrode (SHE). The cathode was placed above the cathodic chamber 
and the anode below the anodic chamber, respectively. Each chamber 
consisted of a 1-mm Teflon sheet with a cavity as the flow channel and 
the cathodic and anodic chambers were separated by a Nafion 117 
cation-exchange membrane. The reactor was operated in recirculation 
mode unless otherwise stated. A 40-mL solution initially containing 
100 mg L−1 NO3

− and 1.0 M phosphate buffer (pH 6.5 ± 0.1, 0.55:0.45 
molar ratio of KH2PO4 and K2HPO4, degassed under vacuum for 15 min 
before use) was pumped into the cathodic chamber of the reactor while 
another 40-mL solution with only 1.0 M phosphate buffer was pumped 
into the anodic chamber. The effluent from both chambers was circu
lated back to their respective reservoirs and well mixed with their 
remaining solutions using magnetic stir bars. Based on prior results [30], 
the 1.0 M phosphate buffer was selected over other buffer systems (i.e., 
0.1 M phosphate buffer with and without constant CO2 bubbling) 
because it ensured a relatively constant solution pH during reactions (in 
contrast to the 0.1 M phosphate buffer) and did not significantly inhibit 
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the catalytic activity (in contrast to CO2 bubbling). We also observed 
minimal differences in normalized activity, Faradaic efficiency, and 
energy consumption at different buffer concentrations (1.0 M versus 
0.02 M phosphate buffer) with the synthesized electrode in this study 
(Table S2). Note that the 1.0 M buffer concentration might not be 
directly relevant to drinking water treatment conditions, but provides 
controlled water chemistry conditions that promotes mechanistic un
derstanding of the factors controlling electrocatalytic performance. 
Further studies evaluating more relevant drinking water treatment 
conditions are warranted for technology development for practical 
adoption. A Gamry 1010E potentiostat (Warminster, PA) was connected 
to the reactor and a desired potential was applied between the 
as-synthesized M/ACC cathode and the reference electrode. A common 
reduction experiment lasted for 2 h while the current on the cathode was 
recorded. Samples were taken regularly from the cathodic reservoir for 
the analysis of NO3

–, NO2
–, NH2OH, and NH4

+ concentrations. The metal 
residual concentrations in the cathodic solution at the end of selected 
2-h experiments were analyzed by ICP-MS. Meanwhile, full cell poten
tials between the cathode and the anode at all sampling times were 
recorded and averaged throughout the 2-h experiment to calculate the 
energy consumption. In general, potentials used in reduction experi
ments were equal to or slightly greater than the hydrogen evolution 
reaction (HER) potentials on the corresponding cathodes determined 
from multistep chronoamperometry results to maximize Faradaic effi
ciency. An extended range of potentials was applied on the Cu/ACC 
cathode in order to validate the effect of potential on Faradaic efficiency. 
Longevity of the best-performing cathodes was investigated by con
ducting multiple cycles of 2-h experiments in series. Regeneration of the 
cathode was performed by either applying a constant potential beyond 
the HER onset potential of the metal of interest on the corresponding 
cathode in 1.0 M phosphate buffer solution without nitrate addition, or 
heating the used cathodes under H2 flow at its synthesis temperature. All 
potentials applied were converted to and presented against reversible 
hydrogen electrode (RHE). The conversion was carried out according to 
Eq. 1: 

E(RHE) = E(Ag/AgCl) + 0.222 V + 0.059 × pH (1)  

2.3.2. Nitrate reduction experiments in H-Cell for gaseous product analysis 
For several best-performing cathodes, electrocatalytic nitrate 

reduction was carried out in a gas tight H-cell (Dek Research) with 15N 
labelled 15NO3

− as the reactant to detect the formation of gaseous 
products. The cathode, anode, reference electrode, cation exchange 
membrane, and the concentrations of buffer solution and 15NO3

− were 
the same as in the flow reactor. Solution mixing was provided in both 
cathodic and anodic chambers using stir bars at 500 rpm. Solution 
volume in both chambers was reduced to 35 mL to provide enough 
headspace for gas sampling. Before each reaction started, 1 mL head
space in the cathodic chamber was replaced with the same amount of Ar 
as an indicator for leakage. During sampling, 100-µL gas samples were 
taken from the headspace and analyzed for 15NO, 15N2O, 15N2, and Ar. A 
0.3-mL aqueous sample was simultaneously taken for nitrate, nitrite, 
hydroxylamine, and ammonium analysis. 

2.3.3. Analytical methods 
Nitrate and nitrite concentrations were analyzed using ion chroma

tography (IC, Dionex ICS-2100) equipped with a Dionex IonPac AS19 
column. The eluent was KOH solution (12.5−45 mM), and the flow rate 
was 1 mL min−1. Ammonium concentrations were determined using 
Hach colorimetric kits (salicylate method, low range, 0.02−2.5 mg L−1 

NH4
+−N). Hydroxylamine (NH2OH) was first derivatized according to 

Kumar et al. [33] to allow for UV detection after high-performance 
liquid chromatography (HPLC). Detailed derivatization and detection 
methods are described in Text S1. Gaseous products (i.e., 15NO, 15N2O, 
15N2, and Ar) in H-cell experiments were analyzed by an Agilent Tech
nologies 5977 A gas chromatography/mass spectrometer (GC/MSD) 

equipped with a Varian Plot CP-Molsieve 5 Å column (25 m ×

0.25 mm). The oven temperature was 165 ◦C and helium was the carrier 
gas at a flow rate of 1.0 mL min−1. 

2.3.4. Key parameter calculations 
Key parameters for electrode performance evaluation include NO3

– 

reduction activity, NO2
–, NH2OH, NH4

+ and N2 selectivity, Faradaic effi
ciency, and energy consumption. 

Activity was represented by a normalized apparent pseudo-first- 
order rate constant. The rate constants were obtained from a linear 
regression of the natural log of NO3

– concentration in the cathodic 
reservoir versus time plots for up to 50 % NO3

– conversion and were then 
normalized to the total mass of the catalyst metals on the M/ACC and the 
volume of the cathodic solution. 

NO2
– selectivity (SNO−

2
) was calculated by Eq. 2: 

SNO−
2

(%) =
CNO−

2 , final

CNO−
3 , initial − CNO−

3 , final
× 100 (2) 

NH2OH selectivity (SNH2OH) was calculated by Eq. 3: 

SNH2OH (%) =
CNH2OH, final

CNO−
3 , initial − CNO−

3 , final
× 100 (3) 

NH4
+ selectivity (SNH4

+ ) was calculated by Eq. 4: 

SNH4
+ (%) =

CNH4
+ , final

CNO−
3 , initial − CNO−

3 , final
× 100 (4)  

where CNO−
2 , final, CNH2OH, final and CNH4

+ , final are the final NO2
–, NH2OH, 

and NH4
+ concentrations (mM) in the cathodic solution, and CNO−

3 , initial 

and CNO−
3 , final are the initial and final concentrations (mM) of NO3

−, 
respectively. In all H-cell experiments using 15NO3

– as the reactant, 15NO 
and 15N2O were never detected by GC/MS. Thereafter, they were 
excluded from product analysis and selectivity calculation. 

15N2 was the remaining product detected by GC/MS in the H-cell 
experiments. N2 selectivity (SN2 ) was calculated by Eq. 5: 

SN2 (%) =
CN2 , final

CNO−
3 , initial − CNO−

3 , final
× 100 (5)  

where CN2 , final is the final N2 concentration (mM as N) assuming all 15N2 
formed from 15NO3

– reduction (present in both headspace and solution) 
was dissolved in the cathodic solution. The Henry’s constant was used to 
calculate CN2 , final from the N2 concentration in the headspace measured 
by GC/MS. 

Since the 15NO3
– reduction in the H-cell established a complete N 

mass balance, N2 concentrations were not measured for experiments 
conducted in the filterpress flow reactor, and the difference between the 
amount of reduced NO3

– and formed NO2
−, NH2OH, and NH4

+ was 
attributed to N2 formation. Therefore, the apparent dinitrogen gas 
selectivity (SN2 ) in the flow reactor was calculated by Eq. 6: 

SN2 (%) = 100 − SNO−
2

− SNH2OH − SNH4
+ (6) 

Faradaic efficiency (FE) was calculated by Eq. 7: 

FE(%) =
F ×

∑
i Si × zi × (CNO−

3 ,initial − CNO−
3 ,final) × V

∑t= 7200

t= 0
It × Δt

× 100
(7)  

where F is the Faraday constant (i.e., 96,485 C mol−1), Si is the selec
tivity defined above, zi is the moles of electrons transferred per mole of 
NO3

− reduced to the product i, V is the total volume of the cathodic so
lution in the reservoir (i.e., 0.04 L), It is the current (A) measured at time 
t (s), and Δt is the time interval between each current measurement. The 
summation in the denominator represents the total charge (C) passing 
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the working electrode during the 2-h reduction experiment. 
Energy consumption (EC) was calculated by Eq. 8: 

EC
(
kWh mol−1 NO−

3
)

=
E ×

∑t = 7200

t = 0
It × Δt

3600000
(CNO−

3 , initial − CNO−
3 , final) × V

(8)  

where E is the average full cell potential (V) between the cathode and the 
anode measured with a portable voltmeter throughout the 2-h reduction 
experiment. 

2.4. Electrode characterization 

Bulk metal loadings on all cathodes synthesized were measured using 
acid digestion followed by inductively-coupled plasma–optical emission 
spectroscopy or mass spectrometry (ICP-OES or ICP-MS). Crystallinity of 
catalyst metals deposited on all cathodes were analyzed using powder X- 
ray diffraction (PXRD). Multistep chronoamperometry (CA) was used to 
obtain the current-potential relationship of each synthesized cathode. 
Low-resolution transmission electron microscopy (LR-TEM) images, 
high-resolution TEM (HR-TEM) images, high angle annular dark field 
(HAADF) images, energy-dispersive X-ray spectroscopy (EDS) spectra, 

Fig. 1. a) PXRD patterns of Ru/ACC, Ir/ACC, Co/ACC, Cu/ACC, and In/ACC. Current-potential curves of b) Ru/ACC, Ir/ACC, Co/ACC, c) Cu/ACC, and d) In/ACC in 
1.0 M phosphate buffer and with 15 mM NO3

– addition at 40 mL min−1 in the filterpress flow reactor. e) Apparent pseudo-first-order rate constants and Faradaic 
efficiencies of the five monometallic electrodes at 40 mL min−1 in the filterpress flow reactor. 
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and X-ray photoelectron spectroscopy (XPS) spectra were obtained for 
Cu/ACC, Cu-Pd/ACC, In/ACC, and In-Pd/ACC electrodes. Details about 
sample preparation, experimental conditions and procedures, and data 
analysis for all characterization techniques performed are presented in 
Text S1. 

3. Results and disscussion 

3.1. Voltametric evaluation of monometallic electrodes (M/ACC) 

The five catalyst metals of interest (i.e., Ru, Ir, Co, Cu, and In) were 
successfully deposited on the activated carbon cloth (ACC) using 
incipient wetness impregnation as indicated by the PXRD patterns as 
shown in Fig. 1a. The characteristic peaks in the PXRD patterns for Ru/ 
ACC, Ir/ACC, Co/ACC, and Cu/ACC match those in the reference pat
terns of their respective metals. For these metals, no diffraction peaks for 
metal oxides or other species are observed. However, the characteristic 
diffraction peaks of In/ACC at 30.56◦, 35.45◦, 37.62◦, 50.99◦, and 
60.69◦ do not match the diffraction peaks in the In metal reference 
(JCPDS #05–0642) but those in the In2O3 reference (JCPDS #06–0416). 
This indicates that indium was mainly present on the electrode as In2O3 
likely due to the low reduction temperature of 120 ◦C (Table S1), which 
was intentionally used for indium deposition to prevent loss via for
mation of volatile indium species [34]. Inhibition in nitrate reduction 
activity of the In/ACC electrode was not expected as many studies re
ported the presence of In2O3 in In/In2O3 catalysts reduced similarly at 
120 ◦C for (electro)catalytic nitrate reduction [26,35–37]. 

Current-potential curves of the synthesized monometallic electrodes 
were acquired using multistep chronoamperometry and are shown in 
Fig. 1b. The current-potential curves for Ru/ACC and Ir/ACC start to 
drop between –0.10 V/RHE and 0 V/RHE when no NO3

– is present in the 
solution (light dashed lines), indicating the onset of HER. The HER onset 
is around –0.30 V/RHE for both Co/ACC (Fig. 1b) and Cu/ACC (Fig. 1c), 
and –0.50 V/RHE for In/ACC (Fig. 1d). When NO3

– is added in the so
lution, the current (dark solid lines) for Ru/ACC, Ir/ACC and Co/ACC 
does not show a noticeable increase when compared to the current 
measured in absence of NO3

– (light dashed lines, Fig. 1b), indicating no 
significant NO3

– reduction occurred on these electrodes. On the other 
hand, the current after NO3

– addition increased for Cu/ACC and In/ACC 
compared to when no NO3

– was present. This increase is attributed to 
NO3

– reduction and it occurred at around –0.20 V/RHE and –0.10 V/RHE 
on Cu/ACC and In/ACC, respectively, before the onset of HER. As the 
potential moved negatively from the onset of NO3

– reduction to the onset 
of HER, the NO3

– reduction currents increase, suggesting increasing ac
tivity for both electrodes while HER currents remain relatively constant. 
These trends in current indicate a high current ratio (CR), which is 
calculated from the difference in current with and without NO3

– present 
divided by the current with NO3

– present via Eq. 9: 

CR =
IwNO−

3
− Iw/oNO−

3

IwNO–
3

(9)  

where Iw NO–
3 

is the current (A) measured with NO3
– addition (repre

senting total current mainly resulting from NO3
– reduction and HER) and 

Iw/o NO–
3 

is the current (A) measured without NO3
– addition (representing 

only HER current) of the electrodes. The difference between Iw NO–
3 

and 
Iw/o NO–

3 
is attributed to the NO3

– reduction current alone. The closer CR is 
to 1, the higher the Faradaic efficiency. CRs for Cu/ACC and In/ACC at 
multiple potentials are listed in Table S3. As the potential moved 
negatively from the onset of NO3

– reduction to the onset of HER, the CR 
(and thus, Faradaic efficiency) of Cu/ACC reached a peak at –0.30 V/ 
RHE and dropped once past the HER onset potential. The CR of In/ACC 
reached a peak at –0.30 V/RHE, remained constant until the HER onset 
potential of –0.50 V/RHE, and dropped afterwards. Based on the NO3

– 

reduction current and CR trends, we speculated that for any potentially 

active electrode, its optimal operating potential with simultaneous fast 
kinetics and high Faradaic efficiency should be near its HER onset po
tential. In addition, keeping the operating potential below the HER onset 
potential also avoids operational difficulty caused by gas bubbling and 
associated current fluctuations that occur when bubbles contact the 
cathode surface. 

3.2. Activity and Faradaic efficiency of monometallic electrodes 

Electrocatalytic NO3
– reduction was next evaluated at constant po

tentials in the custom-made filterpress flow reactor. We first measured 
Cu/ACC reduction at several different applied potentials to test our 
assumption that the operating potential that maximizes activity with 
Faradaic efficiency is near the HER potential when CR is at a maximum, 
and results are presented in Figure S1a. The highest rate constant was 
0.85 L gCu

–1 min–1, observed at –0.40 V/RHE, which is twice the rate 
constant at –0.30 V/RHE (i.e., 0.45 L gCu

–1 min–1) and more than 10 times 
the values when the potential was even more positive. The maximum FE 
coincides with the maximum CR at –0.30 V/RHE. In/ACC also showed a 
much lower activity at –0.30 V/RHE (i.e., 0.016 L gIn

–1 min–1, Figure S1c) 
than –0.50 V/RHE (i.e., 2.4 L gIn

–1 min–1) and Cu/ACC at –0.30 V/RHE (i. 
e., 0.45 L gCu

–1 min–1). Hence, setting the potential at the maximum CR 
appears to maximize activity and/or FE and allows comparison of 
electrodes under their best conditions. This motivated us to next eval
uate nitrate reduction for the five metals at potential values that maxi
mized CR and are near HER onset potentials. This corresponds to –0.10, 
–0.10, –0.30, –0.30, and –0.50 V/RHE for Ru/ACC, Ir/ACC, Co/ACC, 
Cu/ACC, and In/ACC, respectively, and results are presented in Fig. 1e. 
As expected, Cu/ACC and In/ACC have the top reaction rate constants 
(0.45 L gCu

–1 min–1 and 2.4 L gIn
–1 min–1, respectively) and Faradaic effi

ciencies (i.e., 39 % and 20 %, respectively) among all five monometallic 
electrodes evaluated. Cu/ACC has a higher FE but a lower activity, while 
In/ACC has a higher activity but lower FE. Contrary to the DFT pre
diction (that motivated our initial metal selection) [28], but consistent 
with the above voltametric analysis, Ru/ACC, Ir/ACC, and Co/ACC had 
NO3

– reduction activities more than an order of magnitude lower than 
Cu/ACC and In/ACC near their respective HER onset potentials. Also, 
their FE were low, with Co at 5.6 %, and Ru/ACC and Ir/ACC below 
0.5 %. Note that Co- and Ru-based catalysts have been found to be active 
and efficient for electrocatalytic nitrate reduction [38–41]. The 
lower-than-expected activity of Co/ACC and Ru/ACC observed is 
experimentally specific to this work, given the consideration to avoid 
strong HER during reactor operation and balance the NO3

– reduction 
activity and FE as mentioned above. Besides, a Pd–In/ACC was also 
synthesized and tested as a control because Pd has been widely studied 
for electrocatalytic NO3

– reduction, and this combination has shown 
promises for both catalytic NO3

– reduction and electrocatalytic NO2
– 

reduction in previous studies [30,42]. However, Figure S1b shows that 
Pd–In/ACC only became active at or below –0.60 V/RHE with less than 
3 % Faradaic efficiency due to strong HER, indicating Pd–In/ACC is not 
a simultaneously active and efficient electrocatalyst for NO3

– reduction, 
and hereafter, will only be considered for cost comparison with catalytic 
treatment in the following section. 

Importantly, NO3
– reduction activities for Cu/ACC and In/ACC are 

comparable to or higher than literature values [43] for electrocatalytic 
NO3

– reduction and for catalytic NO3
– reduction in well-mixed batch 

systems (Table S4), and there are no prior reports of high activity for 
electrocatalytic NO3

– reduction using a monometallic In-based catalyst 
alone. Although not commonly presented in the literature, 
cost-normalized activities for all the electrodes tested in this study are 
also presented in Table S5 for future comparison with other studies. 
Cu/ACC and In/ACC still have the top cost-normalized activities due to 
their high intrinsic activities and low metal costs. Faradaic efficiencies 
are rarely reported for Cu-based electrocatalytic reduction of NO3

– in 
flow reactors, and our value is comparable to the few reported values 
available [44–48]. There are no prior reports of FE for In-based systems 
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in a flow reactor. 

3.3. Cu/ACC and In/ACC electrode characterization 

Cu/ACC and In/ACC electrodes were further characterized to probe 
properties associated with their high activity and FE. TEM images of Cu/ 
ACC (Figure S2a) and In/ACC (Figure S2b) showed Cu and In2O3 par
ticles were on average 7.4 ± 5.1 nm and 14.6 ± 3.1 nm in size, 
respectively. Particle sizes were greater for In2O3 as O atoms were 
incorporated into crystal lattices. Cu nanoparticles have a wider size 
distribution and more irregular shape, while In2O3 nanoparticles are 
more uniform in size and have a more regular cubic shape, similar to 
other studies [49]. Per ICP analysis (Table S6), average Cu and In 
loadings are slightly lower than the target 2 wt%, 1.4 ± 0.26 wt% for Cu 
(N = 5) and 1.5 ± 0.65 wt% for In (N = 6). However, the low standard 
deviation indicates the metal deposition is reproducible. X-ray photo
electron spectroscopy (XPS) and Auger electron spectroscopy (AES) 
were used to characterize the surface element oxidation states of 
Cu/ACC and In/ACC. Two major peaks were observed at 932.7 eV and 
952.8 eV in Cu 2p XPS spectrum for Cu/ACC (Figure S2c), representing 
Cu 2p3/2 and Cu 2p1/2 peaks, respectively. Deconvolution of the Cu 2p3/2 
peak revealed one Cu0/Cu+ sub-peak at 932.7 eV, one Cu2+ sub-peak, 
likely due to Cu(OH)2, at 934.9 eV, and two satellite peaks above 
941 eV indicating the presence of Cu2+. All of these peaks match the Cu 
2p peaks reported for Cu-based references [50]. Although the Cu0 and 
Cu+ peaks were too close to tell in Cu 2p spectrum for Cu/ACC, the 
differentiation of the two species was made from the Cu LMM Auger 
spectrum (Figure S2e). It shows a maximum peak intensity at 918.1 eV 
corresponding to Cu0 [50] whereas no Cu+ peak was observed at 
917.0 eV. The presence of the Cu2+ peak and the satellite peaks indicate 
Cu surfaces might be oxidized to some degree, as also evidenced by the O 
1 s peak at 531.3 eV corresponding to Cu(OH)2 observed in the O 1 s XPS 
spectrum (Figure S2d) [51] and Cu LMM Auger peak at 916.4 eV 
(Figure S2e) [50]. However, given that the maximum peaks in both Cu 
2p XPS spectrum and Cu LMM Auger spectrum for Cu/ACC were 
attributed to Cu0, and that no other peaks for Cu2O or CuO were 
observed in the Cu 2p and O 1 s spectra (and the PXRD pattern) for 
Cu/ACC, we believe Cu0 was the dominant species while only limited 
surface oxidation to Cu(OH)2 occurred. This suggests Cu0 was likely 
responsible for the activity of electrocatalytic NO3

– reduction on 
Cu/ACC. 

The In 3d XPS spectrum for In/ACC is shown in Figure S2f. The In 
3d5/2 and In 3d3/2 peaks were observed at 445.2 eV and 452.7 eV, 
respectively. Deconvolution of the In 3d5/2 peak resulted in three sub- 
peaks at 443.3 eV, 445.0 eV and 445.6 eV that were assigned to In0, 
In2O3 and In(OH)3, respectively. The In0 peak is only 1.0 % of the In 3d5/ 

2 peak, possibly due to the low reduction temperature that was unable to 
fully reduce In2O3 to In0. The minimal amount of In0 also suggests NO3

– 

reduction activity mainly comes from In3+ species, either In2O3 or In 
(OH)3. 

3.4. End-product selectivity 

3.4.1. End-product selectivity of Cu/ACC and In/ACC 
The formation of various NO3

– reduction intermediates and products 
including NO2

–, NO, N2O, N2, NH2OH, and NH4
+ with Cu- and In-based 

electrodes was probed in batch reduction experiments using a gas- 
tight H-cell with 15N labelled NO3

– as the reactant. Results in Figure S3 
show that a nitrogen mass balance was established with Cu/ACC at all 
sampling times, and for In/ACC only at the end of the reaction time. The 
major reaction products were NO2

–, NH2OH, and NH4
+, with only minor 

amounts of N2, and no detection of NO and N2O. The lack of a nitrogen 
mass balance for In/ACC at earlier times suggests there are sorbed in
termediates that are eventually converted to the measured products. 
Therefore, in the flow reactor experiments, we only measured NO2

–, 
NH2OH, NH4

+, and attribute the remaining products to N2 only after NO3
– 

conversion is complete. 
End-product selectivity for Cu/ACC and In/ACC in the filterpress 

flow reactor at the optimal potentials are presented in Fig. 2a, along with 
end-product selectivity of Cu/ACC at other potentials. The NH4

+ selec
tivity for Cu/ACC at –0.30 V/RHE is as high as 91 %. It decreases with 
increasing potential (down to 11 % at 0.00 V/RHE), with NO2

– as a rate- 
limiting intermediate, but shows little change with decreasing potential. 
These trends are logical, as more negative potentials correspond to faster 
reduction and more atomic hydrogen (H⋅) surface coverage, the latter 
favoring NO hydrogenation over N–N coupling [42]. In contrast to 
Cu/ACC, In/ACC showed mixed selectivity for NH4

+ (40 %), NH2OH 
(37 %) and N2 (22 %), with very little NO2

– (1.4 %). NH2OH is an in
termediate that will convert to NH4

+ with prolonged reaction time. 
Therefore, although In/ACC shows higher activity than Cu/ACC for NO3

– 

reduction, its application could be limited by slow transformation of 
NH2OH. 

3.4.2. Bimetallic catalyst deposition to address electrode selectivity 
concerns 

To address NO2
– and NH2OH accumulation during NO3

– reduction 
with Cu/ACC and In/ACC, respectively, Pd was added to these elec
trodes. The rationale was that although Pd alone has low activity for 
electrocatalytic NO3

– reduction based on the similar currents achieved 
with and without the presence of nitrate in the solution within the po
tential range tested (Figure S1d), it is highly active for electrocatalytic 
NO2

– reduction, and no build-up of NH2OH has been observed with Pd–In 
catalysts, per our previous work [30]. However, Pd is also very active for 
HER as indicated by the large current shown in Figure S1d, and with 
more Pd more HER is anticipated. Therefore, only trace amounts of Pd 
(relative to the amount of Cu or In present) were added. The incipient 
wetness impregnation method was used to deposit Pd at 0.01 wt% and 
0.1 wt% to Cu–Pd/ACC, and at 0.01 wt% to In–Pd/ACC. ICP analysis 
confirmed the average Cu, In and Pd loadings are close to the nominal 
values on the respective electrodes (Table S6). The two Cu–Pd/ACC 
electrodes are referred to as Cu 0.01 % Pd/ACC and Cu 0.1 % Pd/ACC, 
and the In–Pd/ACC electrode is referred to as In 0.01 % Pd/ACC. PXRD 
(Figure S4), XPS (Figure S5 and S6), and LR-TEM (Figure S7a, S8a and 
S9a) results of Cu–Pd/ACC and In–Pd/ACC show similar diffraction 
patterns, surface oxidation states, particle size distributions and shapes 
compared to the Cu/ACC and In/ACC, respectively. Pd deposition on all 
bimetallic electrodes was confirmed by XPS (for Cu–Pd/ACC) and 
STEM-EDS (for Cu–Pd/ACC and In–Pd/ACC). A detailed description of 
electrode characterization is provided in Text S2. 

Electrocatalytic NO3
– reduction was performed on the Cu–Pd/ACC 

electrodes at –0.30 V/RHE and –0.20 V/RHE, and on the In–Pd/ACC 
electrode at –0.50 V/RHE. The end-product selectivity of the Cu–Pd/ 
ACC electrodes is shown in Fig. 2b. At both potentials, Pd addition to 
Cu/ACC greatly reduced NO2

– accumulation, and increased NH4
+ selec

tivity. Notably, Cu 0.01 % Pd/ACC achieved an excellent NH4
+ selec

tivity of 98.7 % at –0.30 V/RHE. Also, as shown in Fig. 2c, NO3
– 

reduction activity at both potentials almost doubles and triples with 
0.01 wt% and 0.1 wt% Pd addition to Cu/ACC, respectively. The 
decreasing Tafel slopes (Table S7) calculated for Cu/ACC and Cu–Pd/ 
ACC with increasing Pd addition coincide with the activity trend and 
support that Pd addition promotes electrocatalytic nitrate reduction. 
The high Tafel slope (i.e., 313 mv/decade) for Cu/ACC also indicates 
that electrocatalytic nitrate reduction on Cu follows a chemical- 
electrochemical mechanism with the rate determining step (RDS) to 
be the chemical process (i.e., NO3

– adsorption [11]). The RDS transitions 
from the chemical process to a single-electron electrochemical process 
for Cu–Pd/ACC, as indicated by the decreasing Tafel slopes approaching 
the theoretical value for a single-electron electrochemical reaction (i.e., 
120 mV/decade) with increasing Pd addition. Also, the FE increases to 
45 % with 0.01 wt% Pd addition to Cu/ACC but decreases to 18 % with 
0.1 wt% Pd addition. The FE result indicates that HER became too active 
at the higher Pd loading. Hence, 0.01 % Pd addition to Cu/ACC 
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Fig. 2. End-product selectivity of electrocatalytic NO3
– reduction for a) Cu/ACC from –0.40 V/RHE to 0.00 V/RHE, and In/ACC at –0.50 V/RHE, and b) Cu 0.01 % 

Pd/ACC and Cu 0.1 % Pd/ACC at –0.30 and –0.20 V/RHE, and In 0.01 % Pd/ACC at –0.50 V/RHE in the filterpress flow reactor with a flow rate of 40 mL min–1. c) 
Apparent pseudo-first-order rate constants and Faradaic efficiencies of electrocatalytic NO3

– reduction for Cu/ACC, Cu 0.01 % Pd/ACC, and Cu 0.1 % Pd/ACC at –0.30 
and –0.20 V/RHE, and In/ACC and In 0.01 % Pd/ACC at –0.50 V/RHE in the filterpress flow reactor with a flow rate of 40 mL min–1. 

Fig. 3. Apparent pseudo-first-order rate constants and Faradaic efficiencies for multiple cycles of electrocatalytic NO3
– reduction a) using Cu 0.01 % Pd/ACC at an 

applied potential of −0.30 V/RHE and regenerated after the 5th cycle by applying a potential of −0.90 V/RHE; b) using In/ACC at an applied potential of −0.50 V/ 
RHE and regenerated after the 5th cycle by applying a potential of −1.1 V/RHE and by heating the electrode under H2 flow at 120 ◦C for 1 h. The flow rate is 
40 mL min–1 in the filterpress flow reactor. 
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addresses NO2
– accumulation, while simultaneously increasing activity 

and FE. 
Pd addition to In/ACC also reduced NH2OH accumulation, from 

37 % to 15 %, while simultaneously reducing N2 selectivity from 22 % 
to 10 %, and increasing NH4

+ selectivity from 40 % to 69 %, as shown in 
Fig. 2b. However, benefits to activity and FE did not occur as with Cu/ 
ACC. Instead, with Pd addition to In/ACC the activity decreased by 
50 %, and the FE decreased from 20 % to 13 %. The FE results suggests 
that the excess H2 generated by adding Pd could not be offset by the 
extra H2 consumed for NH2OH reduction to NH4

+. Therefore, Pd addition 
to In/ACC does not provide an overall benefit. 

3.5. Longevity and regeneration of Cu 0.01 % Pd/ACC and In/ACC 
electrodes 

The best-performing Cu 0.01 % Pd/ACC and In/ACC electrodes were 
subject to repeated reaction cycles to evaluate longevity and stability at 
their optimal reduction potentials. As shown in Fig. 3, both Cu 0.01 % 
Pd/ACC and In/ACC exhibit similar patterns of activity loss. The Cu 
0.01 % Pd/ACC maintained 25 % of its original activity after 5 cycles 
compared to 24 % for In/ACC. The Faradaic efficiencies did not decrease 
as much; Cu 0.01 % Pd/ACC maintained 86 % of the original Faradaic 
efficiency after 5 cycles while In/ACC maintained 61 %. Cu, Pd and In 
leaching were measured during reduction, with results presented in 
Figure S10. Less than 0.1 % of total Cu leached and the average con
centration in the cathodic solution was 22 µg L−1 after each cycle, much 
lower than the 1.3 mg L−1 MCL of Cu in drinking water [6]. No Pd 
leaching was detected. Approximately 1.5 % of the In on the tested piece 
of In/ACC leached and the average concentration in the cathodic solu
tion was 814 µg L−1 after each cycle. This is much higher than Cu, 
although the U.S. EPA does not regulate the amount of In in drinking 
water. Also, the greater In leaching contradicts a previous finding that In 
leaches less than Cu when used as a promoter metal for catalytic NO3

– 

reduction [35]. 
After 5 cycles, both electrodes were regenerated by applying a con

stant potential to the electrode in electrolyte without NO3
–. In replicate 

experiments after 5 cycles, the In/ACC electrode was also regenerated by 
heating under H2 flow at the temperature used during electrode syn
thesis (i.e., 120 ◦C). Electrochemical regeneration is preferred because it 
is performed in situ and does not require disassembling and reassembling 
the reactor. For Cu 0.01 % Pd/ACC (Fig. 3a), 90 % of the activity in the 
1st cycle was recovered after applying a potential of −0.90 V/RHE for 
2 h, and the FE remained unchanged. Also, NH4

+ selectivity recovered 
from 66 % to 77 % (Figure S11a) after the regeneration. By contrast, no 
activity was recovered for In/ACC after applying a potential of −1.1 V/ 
RHE for 1 h, and the FE (Fig. 3b), NH4

+ selectivity (Figure S11b) further 
decreased. Alternatively, for this same electrode, 68 % of the activity in 
the 1st cycle was recovered after heating the electrode under H2 flow at 
120 ◦C for 1 h (Fig. 3b). However, the end-product distribution after 
heat regeneration (Figure S11b) is more similar to that of the 2nd cycle, 
suggesting H2 heat treatment might only partially regenerate the In/ 
ACC. 

As Cu 0.01 % Pd/ACC showed promise for in situ regeneration, a 
prolonged reduction experiment involving 12 reduction cycles at 
−0.30 V/RHE and 3 regeneration cycles at −0.90 V/RHE was performed 
to further characterize electrode longevity. The three regeneration cy
cles were conducted after the 5th, 8th, and 11th reduction cycles, 
respectively. Figure S12a shows NO3

– reduction activity decreased over 
repeated reduction cycles. The activity recovered to 117 % and 87 % of 
the original activity after the first two regeneration cycles, respectively, 
compared with 61 % after the third regeneration. The lowest activity 
observed among the 12 reduction cycles was 52 % of the original ac
tivity. Faradaic efficiency was over 44 % before the 1st electrode 
regeneration and maintained around 30 % afterwards. NH4

+ selectivity 
decreased over repeated reduction cycles (Figure S12b). NH4

+ remained 
the main product at 70 % in Cycle 12 which had the lowest NH4

+

selectivity, and electrode regeneration was shown to help regain NH4
+

selectivity after the first two regeneration cycles. 
XPS and/or Auger electron spectroscopy were performed on the Cu 

0.01 % Pd/ACC and In/ACC electrodes before reaction, after 5 reaction 
cycles, and after regeneration to interpret mechanisms of electrode 
deactivation and regeneration. For Cu 0.01 % Pd/ACC, all three Cu 2p 
XPS spectra before reaction, after 5 cycles, and after regeneration 
(Figure S5a) were similar, with two major peaks for Cu0/Cu+ and Cu2+. 
However, a shift in dominant species of Cu 0.01 % Pd/ACC from Cu0 

before reaction to Cu2+ after 5 reaction cycles and after regeneration 
was observed as indicated by the kinetic energy of the maximum peak 
intensity in Cu LMM Auger spectra (Figure S5d). Given that a lattice 
oxygen peak evolved after 5 cycles in the O 1 s spectra of Cu 0.01 % Pd/ 
ACC, we believe the activity loss results from the formation of Cu2+

oxides. The relative intensity of the lattice oxygen peak decreased after 
regeneration compared to that after 5 cycles, suggesting some CuO is 
reduced, which explains the activity recovery. For In/ACC, In 3d and O 
1 s XPS spectra before reaction, after 5 cycles, and after regeneration 
with heating show little difference. However, the In 3d and O 1s spectra 
after regeneration with an applied potential do not have In0 or In2O3 
peaks but only In(OH)3 peaks. The In(OH)3 may result from leaching 
In3+ into solution (Figure S10), the generation of OH– from HER near the 
cathode during regeneration, and subsequent precipitation of In3+ as In 
(OH)3 on the cathode, thereby passivating this electrode. The differences 
in XPS results of electrodes regenerated by heating and an applied po
tential also highlight the importance of In or In2O3 as the active species 
for electrocatalytic NO3

– reduction. However, it is not possible to further 
distinguish whether one or both species is primarily responsible for NO3

– 

reduction activity because Indium is highly oxophilic, and this can cause 
In2O3 formation when exposed to the air prior to XPS analysis. Also, 
In2O3 can be reduced to In by an applied potential [52] during reactor 
operation. 

3.6. Cost for ion exchange and (electro)catalytic treatment 

In prior work, a cost comparison between IX and (electro)catalytic 
treatment using Pd as the benchmark catalyst was performed [43]. Here, 
we update the energy and catalyst metal costs for electrocatalytic 
treatment using our most favorable electrode, Cu 0.01 % Pd/ACC, and 
compare these to IX and catalytic treatment costs in details. Results are 
presented in Table 1, and all costs are expressed in 2023 dollars per 1000 
gallons water treated. Note that costs presented for IX were mostly from 
pilot-scale studies [53,54] while costs for (electro)catalytic treatment 
were based on our bench-scale work. They have different implications 
on the actual costs for the full-scale application of these treatment 
technologies. With limited cost data in the literature, the goal of this 
work is to mitigate the gap of cost information for the electrocatalytic 
treatment, provide a conceptual level cost comparison and show 
promise of the electrocatalytic treatment, and promote further research 
and development of this emerging technology. For IX, capital costs are 
amortized over a 20-year period, and O&M costs include salt, brine 
disposal, and other such as labor, resin, and electricity. Two cost ranges 
are provided, and the lower range assumes the influent contains 1×MCL 
of NO3

− and the upper range 2×MCL of NO3
−. IX salt costs are comparable 

to capital costs. Disposal costs are highly variable depending on local 
options (i.e., sanitary sewer, on-site evaporation in ponds, and deep well 
injection), and vary from much less than to comparable to salt costs. 

For catalytic NO3
− treatment, a Pd–In/γ-Al2O3 catalyst is considered 

[10]. While other metals and supports have been explored in the liter
ature, this catalyst has demonstrated by far the highest activity achieved 
by catalytic NO3

– reduction in a continuous flow reactor. Hydrogen, Pd, 
and In costs are considered, and the first two dominate due to smaller 
amount and low cost of In relative to Pd [61,62]. The different Pd costs 
are provided assuming metal replacement after 20, 5, and 1 years. 
Hydrogen gas costs assume either steam methane reforming (least 
expensive) or electrochemical generation (most expensive), and are 
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determined from the literature [57]. H2 gas costs only dominate when 
Pd catalysts are replaced after 20 years of operation. In other cases, 
when Pd is replaced more frequently, Pd metal costs are dominant. 

For electrocatalytic treatment, we consider both Pd–In/ACC and the 
optimal catalyst identified in this work, Cu 0.01 % Pd/ACC. The Pd–In 
/ACC is included for direct comparison to catalytic treatment where a 
Pd–In catalyst is used. The energy cost using Pd–In/ACC electrode is 
high mainly due to the low Faradaic efficiency (~3 %) with this catalyst. 
The energy cost for Cu 0.01 % Pd/ACC is much lower, at only $0.24 per 
1000 gallons water treated. This is due to the high Faradaic efficiency 
and low operating potential with this catalyst. As a result, total elec
trocatalytic costs for the Cu 0.01 % Pd/ACC are much lower than those 
for Pd–In/ACC. 

Comparing the three technologies, costs for catalytic and electro
catalytic treatment are generally comparable to or lower than IX. The 
high O&M cost makes IX less attractive than catalytic and electro
catalytic treatment. In catalytic treatment, the total costs are dependent 

on Pd life span. While a 20-year catalyst life span is economically 
favorable, a more frequent (<1 year) catalyst replacement is likely due 
to irreversible fouling and metal attrition. The main barriers to lowering 
this cost are more efficient catalyst regeneration methods and improved 
reactor designs that minimize mass transfer limitations and improve 
overall activity. However, these presently remain unresolved chal
lenges. The most promising is electrocatalytic treatment. This technol
ogy removes the primary barrier of using expensive precious metals in 
catalytic treatment by largely replacing it with an earth-abundant metal 
(i.e., Cu). The metal costs for Cu 0.01 % Pd/ACC are two orders of 
magnitude lower than Pd–In/ACC, and up to three orders of magnitude 
lower than conventional catalytic treatment. Recovering ammonia from 
the treated water can be optional. The costs for ammonia recovery 
through air stripping and acid scrubbing (including capital and O&M 
costs) can dominate the total costs for electrocatalytic treatment using 
Cu 0.01 % Pd/ACC but not when using Pd–In/ACC electrodes due to the 
higher costs of the latter. Nafion membrane is a significant cost only if it 

Table 1 
Cost of Ion Exchange (IX) and (Electro)Catalytic Treatment per 1000 Gallons Water Treated (Adapted with Permission from [43]. Copyright 2021 American Chemical 
Society.).  

Ion Exchange (IX)a 

IX Salt O&Mb IX Disposal O&Mc IX Total O&Md IX Capitald IX Totald   

$0.41, $0.73 $0.02−0.44 $0.20−3.55 ($1.17) $0.11−0.33 ($0.20) $0.45−3.69 
($1.42)     

$0.26−9.76 ($2.05) NA $0.52−9.91 
($2.30)   

Catalytic Treatmente 

H2 Gasf Pdg Ing Catalyst Totalg   

$0.06−0.14 $0.07 $2.68×10–5 $0.13−0.22     
$0.27 $1.07×10–4 $0.33−0.41     
$1.33 $5.35×10–4 $1.39−1.47    

Electrocatalytic Treatmenth 

Energy for Electrolysisi Metalj Ammonia Recoveryk Nafion Membranel Electrocatalytic Total 
Pd–In Cu 0.01 % Pd Pd–In Cu 0.01 % Pd Pd Cu 0.01 % Pd 
$6.65 $0.24 $0.02 $1.95×10–4 $0.51 $0.012 $7.19 $0.762   

$0.09 $7.81×10–4  $0.04 $7.29 $0.791   
$0.46 $3.90×10–3  $0.24 $7.86 $0.994  

a All IX costs were in 2018 U.S. dollars in [43], and are converted to 6/2023 U.S. dollars using CPI inflation calculator from the U.S. Bureau of Labor Statistics 
website, https://www.bls.gov/data/inflation_calculator.htm. 

b Lower cost is for Vale, OR from [53]. Higher cost is for Fruitland, ID from [54]. 
c From [55]. Values represent a range of costs for discharge to sanitary sewer, on-site evaporation in ponds, and deep well injection. 
d From [56]. Based on USEPA cost estimating procedures for 0.17–1.09 MGD water treatment plant. Total O&M costs include salt and disposal. Lower range of costs 

is for treating 1×MCL of nitrate, and upper range of costs is for treating 2×MCL of nitrate. Capital costs were only reported for treating 1×MCL of nitrate. Values in the 
parenthesis are the averages. 

e All catalytic costs were in 2018 U.S. dollars in the [43], and are converted to 6/2023 U.S. dollars using CPI inflation calculator from the U.S. Bureau of Labor 
Statistics website, https://www.bls.gov/data/inflation_calculator.htm. Pd and In costs are highly variable and are based on the 1/31/2023 spot price from https://tr 
adingeconomics.com/ for Pd, and from https://www.dailymetalprice.com/ for In. Hydrogen, Pd and In costs are considered in the totals. All other costs are ignored. 

f From [57]. Represents range of prices from steam methane reforming (least expensive) to reformer-electrolyzer-purifier technology, and to proton exchange 
membrane (most expensive). 

g Values reflect Pd and In replacement times of 20 years, 5 years, and 1 year, respectively. Pd costs are based on nitrate reduction activities in a trickle-bed reactor 
from [10]. 

h All electrocatalytic costs are in 6/2023 U.S. dollars. Pd, Cu and In costs are highly variable and are based on the 1/31/2023 spot price from https://tradingecono 
mics.com/ for Pd and Cu, and from https://www.dailymetalprice.com/ for In. 

i Based on the calculated energy consumptions using the filterpress flow reactor and ACC electrodes with different catalyst metals, and average cost (6 cents per kWh) 
of electricity for industry from Austin, TX in fiscal year 2018 [58]. The 2018 rate is chosen because there is an unusual increase in energy rate in 2019 and more recent 
data is unavailable. The energy consumption was calculated based on the average measured full cell potential, total electric charges passing through the flow reactor 
and the amount of nitrate removed using each electrode in a typical 2 h experiment in this work. The Faradaic efficiency is implied in the calculation. The full cell 
potentials for Pd–In/ACC and Cu 0.01 % Pd/ACC are –3.0 V and –2.0 V, respectively. 

j Values reflect electrode replacement times of 20 years, 5 years, and 1 year, respectively. Metal costs include Pd and In costs, approximately equal to Pd costs due to a 
lower In loading and unit cost, and are based on electrocatalytic nitrate reduction activities measured in this work. 

k From [59]. Costs were in 2017 Euros, and are converted to 6/2023 U.S. dollars first using https://www.inflationtool.com/ for inflation adjustment in Euros and 
then the EUR-to-USD exchange rate as of 6/30/2023 from https://www.wsj.com/market-data/quotes/fx/EURUSD/historical-prices for currency conversion. The cost 
represents the highest unit cost for ammonia recovery via stripping and acid adsorption because of the low nitrate concentration assumed in this cost analysis. The cost 
includes CAPEX, OPEX and deducts the value of ammonium sulfate produced. 

l From [60], the unit cost for Nafion 117 membrane is estimated to be $1733 per m2 assuming in 2015 U.S. dollars based on the publication year of the paper, and 
$2236 per m2 in 06/2023 U.S. dollars converted using CPI inflation calculator from the U.S. Bureau of Labor Statistics website, https://www.bls.gov/data/inflation_ca 
lculator.htm. The conversion of the unit cost to the cost per 1000 gallons water treated assumes linearly scale up the area of the benchtop filterpress flow reactor based 
on the flow rate from 40 mL min–1 to 1 gallon per minute. The benchtop filterpress flow reactor used a piece of Nafion 117 membrane of 6 cm2. The replacement time of 
the membrane is assumed 20 years, 5 years, and 1 year. 
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is replaced every year. The final costs for electrocatalytic treatment 
using Cu 0.01 % Pd/ACC, even with ammonia recovery, are competitive 
or outcompete other technologies under most scenarios suggesting the 
technology is economically viable. 
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