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ABSTRACT: The electrochemical upcycling of nitrate (NO;~) to ammonia (NH;) o oo
holds promise for synergizing both wastewater treatment and NH; synthesis. Efficient |8 wiith gl
stripping of gaseous products (NH;, H,, and N,) from electrocatalysts is crucial for
continuous and stable electrochemical reactions. This study evaluated a layered
electrocatalyst structure using copper (Cu) dendrites to enable a high curvature and
hydrophobicity and achieve a stratified liquid contact at the gas—liquid interface of the
electrocatalyst layer. As such, gaseous product desorption or displacement from
electrocatalysts was enhanced due to the separation of a wetted reaction zone and a
nonwetted zone for gas transfer. Consequently, this electrocatalyst structure yielded a
2.9-fold boost in per-active-site activity compared with that with a low curvature and
high hydrophilic counterpart. Moreover, a NH; Faradaic efficiency of 90.9 + 2.3% was
achieved with nearly 100% NO;™ conversion. This high-curvature hydrophobic Cu
dendrite was further integrated with a gas-extraction membrane, which demonstrated a
comparable NHj yield from the real reverse osmosis retentate brine.

KEYWORDS: electrochemical nitrate reduction, ammonia production, microenvironment, mass transfer,
hierarchically structured dendrites, nanoarray

1. INTRODUCTION and density of active sites of electrocatalysts through
morphological optimization, elemental doping, metal (alloy)
core—shell configurations, and single-atom catalyst formula-
tions.'>~*° Alternative strategies involved the use of porous
materials and electric fields to enhance the chemisorption of
NO;" onto the active sites.””” The NO;RR consumes protons
and therefore causes a high cathodic interfacial pH (e.g., up to
11 under a current density of 5 mA cm™2).”*"*° The rapid
production of gaseous products such as NH;, N,, and H, at the
cathode surface could lead to potential accumulation and
electrode surface coverage by evolving bubbles, which could
further hinder the mass transfer of NO,;~ toward the
electrocatalytic reactions® and NH; production.”” Therefore,
redesigning the electrocatalyst layer structure to enhance both
NO;RR and gas separation is critical.

Ammonia (NHj;) is an essential commodity chemical used in
fertilizer production, chemical synthesis, and liquid energy
storage."”” Currently, ammonia is mainly produced by the
Haber—Bosch process, with a worldwide production of 170
million tons per year.” This production accounts for 1.4% of
global carbon dioxide (CO,) emission, emitting an equivalent
of 2.9 tons of CO, per ton of NH; produced.” The produced
ammonia ultimately ends up in nature as nitrogenous
pollutants. Recovering nitrogen from agricultural wastewater
or contaminated groundwater in the form of reusable NH;
would alleviate environmental concerns by completing the
nitrogen cycle. Electrochemical conversion of nitrate (NO;™)
to NH; via the eight-electron nitrate reduction reaction
(NO;RR) is increasingly studied for sustainable ammonia
synthesis.”~” Various electrocatalysts such as copper-, nickel-,

ruthenium-, cobalt-, and titanium-based transition metal Received: February 10, 2024
materials have been explored for NO3RR10’ll Revised:  March 16, 2024
NO;RR encounters two major limitations: insufficient active Accepted:  March 25, 2024

site binding with and charge transfer to NO;™ and sluggish Published: March 27, 2024

desorption of finial products from the active sites.'*~"* One
approach to address this challenge is to enhance the activity
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Figure 1. (al-a4) Typical SEM images for the morphology of four electrocatalyst layers. (b1—b4) Typical SEM images for the apex half angle
¢ values of four electrocatalyst layers. (c1—c4) CAs measured with the electrolyte (10 mM NO,;~ and 0.1 M Na,SO,) on various
electrocatalyst layers. (d1—d4) Illustrations of the guessed contact interfaces between different electrocatalyst layers and electrolyte based on

CA values.

Electrocatalysts are typically expected to exhibit hydro-
philicity to effectively interact with NO;™ in the aqueous phase.
In contrast, surface hydrophobicity can also be beneficial to
spontaneously trap gas molecules produced at the electro-
catalyst—electrolyte boundary™ and to facilitate the separation
of bubbles from the catalyst active sites. Highly curved surface
structures (e.g., sharp nano tips) made of metals can create a
positive Laplace pressure, making smooth surfaces super-
hydrophobic while maintaining local hydrophilicity.”**® Such
structures also intensify thermal and electric fields at the tips by
accumulating charges.'”””~*' The locally enhanced fields not
only attract reactants but also modulate reaction pathways,
which potentially improve both the activity and selectivity of
catalytic processes.*”** Hence, we hypothesize that a hydro-
phobic electrocatalyst surface layer with high curvatures (e.g., a
dendrite structure with spiky or protruding sharp surfaces) can
both boost the NO;RR and reduce gas bubble accumulation at
the electrocatalyst-electrolyte interface.

Considering the high activity of copper (Cu) toward
NO;RR,” we fabricated four Cu-based model electrocatalysts
with different levels of curvatures and hydrophobicity. We
assessed the impacts of curvature and hydrophobicity on the
Faradaic efficiency and the production yield of NH;. Density
functional theory (DFT) calculations were further conducted

to assess the effect of the tip-enhanced electric and thermal
fields on the Gibbs free energies (AG) of the key intermediate
(*NO—*NOH) conversion and the nitrate-to-ammonia path-
way. The hydrophobic Cu dendrite electrocatalyst with the
highest NO;RR efficiency was screened and further integrated
onto a gas extraction membrane for simultaneous NO;RR and
NH; recovery. The relevant performances were evaluated with
both synthetic wastewater and real reverse osmosis (RO)
retentate to gauge the practicality of this gas-evolving
electrochemical system.

2. RESULTS AND DISCUSSION

2.1. Preparation and Characterizations of Cu-Based
Electrocatalysts. Four kinds of Cu-based model electro-
catalysts with different curvatures and hydrophobicities were
prepared following the procedure described in the Exper-
imental Section. Scanning electron microscopy (SEM) images
in Figure lal—a4 and apex half angle (@) analysis in Figure
1b1—b4 and a Figure S1 (Supporting Information) suggest
that the first two catalysts, hydrophobic Cu dendrite (¢ = 11.5
+ 0.2°) and hydrophilic Cu dendrite (¢ = 11.6 + 0.5°) exhibit
a morphology of needle-leaved tree with sharp tips. The third
catalyst, Cu particles (¢ = S4 + 1.8°), are obtuse-angled
particulates. And the last one, CuO dendrite, also appears as a
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Figure 2. Electrocatalytic NO;RR performance. (a) Illustration of regulation of gaseous product migration direction within the
electrocatalyst layer. (b) Distributions of nitrogen species under the same nitrogen input conditions on different electrocatalyst layers. (c)
Calculation of Cg based on the current values (I, and I.) and the scan rate. (d) Comparison of ECSA normalized partial current density
(jnm,) of different electrocatalyst layers under the same testing conditions. (e) FE for NH; and NO,™ under different NO;~ conversion

efficiencies of different catalyst layers. (f) NHj; yield rate of different catalyst layers. The calculation was based on the NH; separated from
the electrolyte. Testing conditions are shown in Experimental Section (NO;” concentration, 10 mM; pH, ~7.0; supporting electrolyte, 0.1 M
Na,SO,; cathodic potential, —1.20 V vs SHE; reaction time, 3.0 h per cycle).

needle-leaved tree with obtuse tips (¢ = 52 + 1.3°). The water
contact angles (CA) shown in Figure 1c1—c4 indicate that the
surface with obtuse-angled catalysts, Cu particle and CuO
dendrite, was relatively hydrophilic. In contrast, the surface
with hydrophobic Cu dendrites was most hydrophobic with a
CA of 145°. Note that the hydrophilic Cu dendrite showed
strong hydrophilicity (CA = 20°). The enhanced surface
roughness of the hydrophilic Cu dendrite, in contrast to the
smooth surface of hydrophobic Cu dendrite, significantly
boosts its wetting properties and hydrophilicity.** The X-ray
diffractograms in Figure S2 confirm that the hydrophobic Cu
dendrite, Cu particle, and hydrophilic Cu dendrite mainly
consist of metallic Cu with the same major exposed crystal
planes of (111) and (200), whereas the CuO dendrite has a
single crystal plane of (002). These four catalysts, as illustrated
in Figure 1d1—d4, are expected to have different liquid
contacts and thus should elicit different NO;RR activities.
Additionally, the effect of Cu-valence states (Cu?*, Cu*, and
Cu’) and the vertical hierarchical structure may also play roles
in mass transport and reactivity.

2.2. Catalytic Activity of Electrocatalyst Layers. We
loaded the above copper-based catalysts onto a gas diffusion
layer (GDL) as a cathodic membrane in a flow-type
electrolyzer, as shown in Figure S3 (Supporting Information).
This electrolyzer was intended to mitigate the detrimental
effect of bubbles on the cathode that could impede NO;™ ion
transport in the electrolyte.’””* A synthetic wastewater
containing 10 mM NO;~ was introduced into the catholyte
channel facing the catalyst layer of the membrane cathode.
Simultaneously, a separate Na,SO, electrolyte was pumped
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into the trap channel, facing the other side of this gas-
permeable cathode to strip and capture the produced NHj.
This electrolyte was further directed to the anolyte channel to
be acidified (2H,0 — O, + 4H" + 4e7; the relationship of
cathodic/anodic interfacial pH and response current density is
shown in Figure S4 (Supporting Information)) and reused for
consecutive NH; capture, which is illustrated by Figures 2a and
Figure S5 (Supporting Information).

First, the results in Figure 2b and Figure S6 (Supporting
Information) confirmed that all four electrocatalysts produced
NHj; as the main end product in NO;RR. The NHj selectivity
was in the order of CuO dendrite (96.5 + 2.0%) >
hydrophobic Cu dendrite (95.2 + 1.9%) > hydrophilic Cu
dendrite (94.4 + 1.9%) > Cu particle (82.0 + 2.1%). Nitrite
(NO,™) was barely detected in the catholyte, and the
selectivity toward NO,™ was as low as 0.7 + 0.1%, except for
Cu particle (11.7 + 0.6%). Note that the initial concentration
of NO;™ in the feed was kept low at 10 mM, to compare the
performance of various electrocatalyst layers under a con-
strained mass transfer condition for NO;RR.

Considering the disparities in wettability across the different
catalyst layers, we then evaluated their electrochemically active
surface areas (ECSAs), which represent the portion of the
catalyst in contact with, and thus accessible to, the electro-
lyte.*® Figure 2c and Figure S7 (Supporting Information) show
the CV curves of the four electrocatalyst layers. The
electrochemical double-layer capacity (C) was calculated
based on the scan rate and the current values (I, and I.) and
summarized in Table S1 (Supporting Information). The CuO
dendrite and hydrophilic Cu dendrite exhibited the relatively
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Figure 3. COMSOL and DFT simulations. (a) Electric field distribution on the Cu particle (left) and the single needle of the Cu dendrite
(right). (b) Thermal field distribution on the Cu particle (left) and the single needle of the Cu dendrite (right). The thermal field (AT, K) is
the temperature enhancement versus room temperature (298 K). (c) Electric field and thermal field at the Cu dendrite and Cu particle tips
as a function of applied cathodic potentials. (d) Free energy and reaction pathways for corresponding intermediates during NO;~ to NH,
conversion on Cu (111). (e) Reaction Gibbs free energy diagrams of the hydrogenation process of *NO to *NOH on the Cu (111) surface
under different electric fields. (f) TOF trend of *NO to *NOH conversion at various electric and thermal fields. (g) Demonstration diagram
of the hydrophobic Cu dendrite electrocatalyst layer interface that partially contacts with the electrolyte and tip enhanced electric field and
thermal field. (h) Cross section view of the hydrophobic Cu dendrite gas extraction membrane when immersed in electrolyte (10 mM NO;~
and 0.1 M Na,SO,).

larger ECSA values of 2.19 em’pegy M peomeric and 1.92 (13.1 + 02 uM cm™> h™') > Cu particle (8.4 + 0.3 uM cm™>
cm’pegy €m” geomemc, attributable to the low water contact h™).

angle. The ESCA Values of hydrophobic Cu dendrite and Cu Apparently, hydrophobic Cu dendrite achieved (1) the
parncles were 0.76 cm’pcgy cm zgeomemc and 0.67 cm’gcgn highest NH; production activity on a per active site basis with
cm” geomemc, respectively. Next, we normalized partial current jnmz of —4820 uA em ™ 'gegn, (2) the highest FE for NH; of
68.1 = 0.1%, and (3) the highest NH, yield rate of 15.2 + 0.1
UM cm™ h™". We speculate that hydrophobic Cu dendrite’s
curvature-enhanced hydrophobicity may have created a partial
contact interface between the electrolyte and catalyst layer,

density for NH; synthesis (jyy, the response current only

caused by total NH; yield, see the Experimental Section for
details) based on ECSA. Results shown in Figure 2d reveal that

the ECSA-normalized jyy, followed the trend of hydrophobic

Cu dendrite (—4820 yA cm™'zcg4) > Cu particle (—3716 uA
cm™Ygcga) > hydrophilic Cu dendrite (—1892 pA cm™'pcgs) >
CuO dendrite (—1682 uA cm™'gg). Figure 2e illustrates that
FE for NH; was in the order of hydrophobic Cu dendrite (68.1
+ 0.1%) > CuO dendrite (60.8 + 0.9%) > hydrophilic Cu
dendrite (51.1 + 0.4%) > Cu particle (45.8 + 3.2%). Finally,
Figure 2f compares the NH; yield rates (calculated based on
the captured NHj in the trap tank), which are in the order of
hydrophobic Cu dendrite (15.2 + 0.1 gM cm™ h™) > CuO
dendrite (13.5 + 0.1 uM cm™> h™") > hydrophilic Cu dendrite
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which could efficiently separate reaction and gas-transfer zones
and thus yielded a superior NH; yield. In contrast, a
hydrophilic Cu dendrite with weaker hydrophobicity than a
hydrophobic Cu dendrite would not efficiently expel locally
produced gaseous products or bubbles from the electrocatalyst
and thus compromise NO;RR. The Cu particle’s hydrophilic
surface lacks high curvature induced thermal-electric fields,
which will be discussed in detail in the following section, and
thus may be oversaturated by electrolyte, which may also
hinder NO;RR and product migration. The CuO dendrite
exhibits a similar vertical hierarchical structure compared with

https://doi.org/10.1021/acsnano.4c02020
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Figure 4. Practical ammonia product synthesis. (a) NH; recovery efficiency, FE for NH; production, NH; transfer rate, and geometric area
normalized partial NH; current density of hydrophobic Cu dendrite gas extraction membrane at different cathodic potentials (—1.00 to
—1.36 V vs SHE), feed catholyte pHs (~3.0—11.0), and nitrate concentrations (10—100 mM). (b) Stability test of the hydrophobic Cu
dendrite gas extraction membrane at a constant cathodic potential of —1.20 V vs SHE. Testing conditions: feed catholyte pH 7.0, NO;~
concentration 10 mM, supporting electrolyte 0.1 M Na,SO,, reaction time 3.0 h per cycle. (c) Evolution of N-species concentration for

actual RO wastewater under a cathodic potential of —1.20 V vs SHE.

hydrophobic Cu dendrite. A negative potential will induce the
in situ electrochemical conversion of Cu?* into Cu* and Cu®."’
Compared with pure metallic Cu” in hydrophobic Cu dendrite,
the mixed-Cu-valence states of CuO dendrite were reported to
exhibit enhanced NO,RR performance.””*® The observed
lower NHj yield associated with the CuO dendrite can be
attributed to its hydrophilic obtuse tips. The slow release of
bubbles within the electrolyte-flooded electrocatalyst layer
likely impedes the mass transfer of the NO;™ ions to the active
sites.

We recognize that the above electrocatalysts may still not
outcompete with some top-tier catalysts (e.g., Cu nanoparticles
encapsulated with a porous carbon framework®) when treating
a similar low NO;~ concentration (e.g., our reported FE is
approximately 20% lower than the highest). The primary
objective behind comparing various materials was to furnish
insights for the catalytic layer’s design strategy rather than
maximizing FE, which could be achieved by many approaches
such as raising the electrolyte pH with KOH to mitigate the
side reactions such as hydrogen evolution. Instead, our results
mainly suggest the electrocatalyst layer’s curvature structures
(a smaller @) and surface hydrophobicity have a profound
influence on NO;RR activity.

2.3. Mechanistic Analysis of Performance Improve-
ment. We performed finite element method (FEM) based
simulations and density functional theory (DFT) calculations
to understand mechanisms that contribute to the enhanced
NO;RR activity of the hydrophobic Cu dendrite. First, FEM
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simulations compared the electric field and thermal field
distribution of hydrophobic Cu dendrite and Cu particle under
a cathodic potential of —1.20 V vs SHE. Table S2 summarizes
the major parameters used in this simulation. Figure 3a,b
reveals that the sharp end of the hydrophobic Cu dendrite
exhibits enhanced local electrostatic and thermal field strength
(144 mV pm™" and 107 K m™"). However, the Cu particle
demonstrates a much lower local electrostatic field of ~10 mV
um™" and thermal field (~52 K m™"). Electric and thermal
fields on the hydrophobic Cu dendrite were consistently higher
than those on the Cu particle at different cathodic potentials
from —1.00 V vs SHE to —1.36 V vs SHE as compared in
Figure 3c and Figure S8 (Supporting Information).

We further employed DFT to understand how this locally
enhanced electric field at the catalyst tips affected the NO;RR.
The free energy of intermediates during the transition from
NO,™ to NH; was calculated on the Cu (111) surface, a
dominant exposed facet according to the XRD analysis. The
reaction pathway in Figure 3d identified *NO to *NOH
hydrogenation as an endothermic rate-limiting step (Figure S9
(Supporting Information)).'”*** When the electric field
increased from 0 to —0.8 V A7l the free energy for this
hydrogenation process decreased (Figure 3e), accompanied by
a decrease of activation energy (AE,) as shown in Table S3
(Supporting Information). Figure 3f and Figure S10
(Supporting Information) indicate that turnover frequency
(TOF) for the *NO to *NOH conversion also increased by
nearly 2 orders of magnitude with the increasing electric and
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thermal fields. These simulation results collectively suggest that
local intensification of the electric field at the catalyst’s sharp
tips may enhance NO;RR kinetics.

Figure 3g further illustrates how the hydrophobic Cu
dendrite electrocatalyst layer may benefit from the enhanced
electric field and thermal fields at the catalyst tip and
synergistically boost NH; production. Similar synergy has
also been reported in other electrocatalytic processes such as
proton reduction for the hydrogen evolution reaction
(HER),*® CO, reduction,”® and electroporation of bacteria
for disinfection.”’ Upon immersion in the electrolyte, a gas
layer was notably present on the surface of the hydrophobic Cu
dendrite layer, as shown in Figure S11 in the Supporting
Information. Conversely, the hydrophilic Cu dendrite layer was
flooded by the electrolyte. To provide unequivocal visual
confirmation of the catalyst layer’s interaction with the liquid,
we examined the microscale gas—liquid interface more closely.
For the hydrophobic Cu dendrite, distinct boundaries between
the liquid and gas phases were visible on both the hydrophobic
Cu dendrite and the PTFE layer sides, illustrated in Figure 3h.
For the hydrophilic Cu dendrite, the liquid—gas phase
boundary was solely observed on the PTFE layer side, as
detailed in Figure S12 (Supporting Information). Droplets of
electrolyte on the hydrophilic Cu dendrite layer were absorbed
within 3 s (Figure S13 (Supporting Information)), whereas on
the hydrophobic Cu dendrite layer, stability was maintained for
over 200 s. Upon the application of a —1.20 V vs SHE cathodic
potential, bubble formation was initiated on the hydrophobic
Cu dendrite layer and subsequently migrated toward the PTFE
layer side, as opposed to dispersing into the electrolyte (Figure
S14 (Supporting Information)). This phenomenon of bubble
formation on the reverse side of the hydrophobic Cu dendrite
gas extraction electrode (ie, back of membrane module)
during the NO; -to-NH; conversion experiment aligns with
the aforementioned observations and further supports the
efficacy of gas removal from the electrocatalytic layer, as
visualized in Figure S15 (Supporting Information). Thus, we
present the presence of a hydrophilic reaction zone at the tip of
the hydrophobic Cu dendrite and a hydrophobic transfer zone
facing gas transfer layer, a similar Cassie—Baxter state, where
an air shell forms in the vicinity between liquid and solid
surface.”> This phenomenon is posited to mitigate the
obstruction of gaseous products within the electrocatalytic
stratum.” At the gas—liquid—solid interface, the gas bubble
detachment from catalyst may cause transient turbulences near
the bubble trajectory, which may further enhance the NO;~
mass transfer to the active reaction sites of the catalyst.”® Thus,
the hydrophobic Cu dendrite’s morphological features explain
its superior NH; recovery efficiency, when compared to the
other three catalysts with similar NH; yields in Figure S16
(Supporting Information).

2.4. Evaluation of NO;RR on this Hydrophobic Cu
Dendrite Membrane Platform. We expanded our inves-
tigation of the hydrophobic Cu dendrite to evaluate its NO;RR
performance under a wide range of conditions that represent
various ammonia production scenarios. We first varied the
cathodic potential (Figure 4a and Figure S17 (Supporting
Information)). As the cathodic potential increased, the FE for
NH; decreased from 86.6 + 1.3% to 28.8 + 4.4%. Besides, the
NHj; recovery rate and efficiency all exhibited a volcano curve,
where they reached the highest levels of (47.1 + 1.7) X 107"
M-NH; cm™ s7! and 88.3 + 2.8%, respectively, when the
cathodic potential was —1.20 V vs SHE. The geometric area

normalized partial NH; current density increased by 1.6-fold
with the cathodic potential increased from —1.00 to —1.20 V
vs SHE and remained stable around 3.7 + 0.4 to 3.8 + 0.4 mA
cm™2,

We also varied the feed solution pH from 3 to 11 to
represent diverse wastewater types such as acidic phosphate
fertilizer industry wastewater (pH 2-3)>* and alkaline
wastewater from uranium extraction and ion-exchange resin
regeneration (pH 9—11).>> This hydrophobic Cu dendrite gas
extraction membrane performance was not affected by the pH
variations (Figure 4a and Figures S18 and S19 (Supporting
Information)). This is because the cathodic interfacial pH
could quickly remain in the range of 11.0—11.5,*° even at a
minimal response current density of S mA cm ™ under a —1.20
V vs SHE cathodic potential, even when the feed pH varied
from 3.0 to 11.0.

Next, we changed the initial NO;™ concentration from 10
mM (typical for most wastewater™®) to 100 mM, a high level
for brine wastewater from ion exchange or RO processes.”” As
the NO;~ concentration increased from 10 to 100 mM, the FE
for NH; increased from 68.9 + 3.1% to 909 + 6.8%.
Meanwhile, the NH; transfer rate also increased from (42.1 +
1.2) X 107 to (151.4 + 3.1) X 107** M-NH; cm™ s™%, which
caused a rise in the NH; yield rate from (47.1 + 1.7) X 107'°
to (159.5 + 3.4) X 107" M-NH; cm™> s™' and the geometric
area normalized partial NH; current density from 3.7 + 0.4 to
12.3 + 0.7 mA cm™> In addition to the improved cathodic
reaction kinetics pertaining to the NO;RR, we also observed
the increase in NHj recovery efficiency from 88.3 + 2.8% to
949 + 4.6%. Clearly, a high NO;~ concentration also
suppressed the generation of gaseous byproducts like H,,
which otherwise would compete for the gas diffusion pathways
in the cathodic membrane, potentially impeding NH; trans-
port. A similar phenomenon was also observed when
increasing the cathodic potential from —1.20 V vs SHE to
—1.36 V vs SHE. Under similar jyyy, (—3.7 to —3.8 mA cm ™),

the NH; FE decreased from 68.9 + 3.1% to 28.8 + 4.4%,
resulting in declined NHj recovery efficiencies from 88.3 +
2.8% to 69.7 + 3.1%.

We further performed ten consecutive cycles of electrolysis
to assess the stability of the hydrophobic Cu dendrite layer.
The electrolyte was replaced after each 3 h cycle when ~95%
NO; =N conversion efficiency and ~90% NH; recovery
efficiency were achieved. We observed a stable NH; yield rate,
NO;™~ conversion efficiency, and NH; recovery efliciency over
a 30 h electrolysis at the cathodic potential of —1.20 V vs SHE
(Figure 4b). This stability is attributed to the surface feature of
hydrophobicity for the Cu dendrite electrocatalyst layer that
prevents wetting and enables efficient gas product diversion
under a tip-induced thermal-electric field.”® Besides, the SEM
analysis and contact angle test revealed that the dendritic
morphology of the top catalyst surface and hydrophobicity
were well preserved after the 30 h electrolysis test (Figure S20
(Supporting Information)).

Finally, to validate the practical applicability, we performed a
test using real RO retentate obtained from the Yuma Desalting
Plant in Arizona. This wastewater contains an average
concentration of NO;~ of approximately 11.8 mM with
other major parameters shown in Table S4 (Supporting
Information). Figure 4c shows the NO;™ conversion efficiency
of 94.8 + 1.2% and NH; recovery efliciency of 91.7 + 1.5%,
which match well with the results we obtained with the
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synthetic NO;~ wastewater. Nevertheless, a relatively high
cathodic potential of —1.20 V vs SHE and a high pH near the
cathodic membrane could induce transition metal reduction
and metal precipitation in the form of carbonates and
hydroxides. To avoid potential cathode passivation, strategies
such as pulsed electrolysis’” and a periodic polarity swap
between cathode and anode® have been suggested previously.

3. CONCLUSIONS

Our study demonstrates that electrocatalyst layers charac-
terized by high curvature and pronounced hydrophobicity can
enhance the yield rate and FE of NH; during NO;RR. This
enhancement is ascribed to the solid—liquid interface that
facilitates bubble separation within the electrocatalyst layer and
consequently enhances NO;~ mass transfer from the liquid
phase to the catalyst. Moreover, the high curvature structure
amplifies the local electric-thermal fields and reduces the
energy barrier for *NO hydrogenation to *NOH, a rate-
limiting step in the NO;RR pathway. This presented structural
design may also be used toward diverse catalytic materials for
other aqueous electrocatalytic transformations with bubble
generation, such as hydrogen/oxygen evolution reactions.

4. EXPERIMENTAL SECTION

4.1. Preparation of Gas Extraction Membrane Electrodes
with Different Copper-Based Catalyst Layers. 4.1.1. Synthesis
of Hydrophobic Cu Dendrite and CuO Dendrite. The different
copper-based catalyst layers were all directly electrodeposited on the
AvCarb GDS2230 gas-diffusion substrate purchased from the Fuel
Cell Store. To improve the hydrophobicity and mechanical strength
of the gas-diffusion substrate, the carbon fiber side of the gas-diffusion
substrate was coated with PTFE at a surface coverage of 1 + 0.05 mg
cm™ using a 10 wt % PTFE solution diluted from a Teflon PTFE
DISP 30 Fluoropolymer Dispersion. The PTFE-coated gas-diffusion
substrate was calcined in a muffle furnace at 270 °C for 10 min. The
hydrophobic Cu dendrite thin film was obtained in an electro-
deposition process by applying a constant negative potential (—0.502
V vs SHE) using a CH Instruments 700E Potentiostat. The
electrodeposition process was carried out in a H-cell, which was
separated by a proton exchange membrane (PEM) (Nafion 117,
Dupont). A three-electrode configuration was constructed with the
pretreated gas-diffusion electrode substrate (an exposed area: 3 cm X
3 cm), an IrO,—RuO,/Ti electrode (an exposed area: 3 cm X 3 cm),
and a saturated calomel electrode (SCE, +0.241 V vs SHE) as the
working electrode, counter electrode, and reference electrode,
respectively. To improve the substrate surface wettability and the
electrodeposition repeatability, the gas-diffusion substrate was treated
with isopropyl alcohol prior to catalyst deposition. The plating bath
was a 0.1 M CuSO,-SH,O solution in deionized water with pH of 2
(adjusted by 1 M H,SO,). The counter electrode chamber was filled
with 0.1 M Na,SO, solution. Electrodeposition was conducted as
described above for 700 s to result in a catalyst loading of 2.3 + 0.1
mg cm™ as determined above. The obtained electrocatalyst layer,
namely hydrophobic Cu dendrite, was rinsed with DI water and then
dried in a 50 °C vacuum for S h. The CuO dendrite was obtained by
calcinating the hydrophobic Cu dendrite at 350 °C for 30 min.

4.1.2. Synthesis of Hydrophilic Cu Dendrite. The hydrophilic Cu
dendrite was synthesized using an electrodeposition method identical
with that of the hydrophobic Cu dendrite, with a different plating
solution (0.1 M CuCl, and 0.1 M Na,SO, solution) and a different
potential (—0.759 V vs SHE for 450 s), resulting in a catalyst loading
equivalent to that of the hydrophobic Cu dendrite.

4.1.3. Synthesis of Cu Particle. The Cu particle was synthesized
using an electrodeposition method identical to that of the hydro-
phobic Cu dendrite, with a different potential (—0.201 V vs SHE for
1000 s), resulting in a catalyst loading equivalent to that of the
hydrophobic Cu dendrite.

4.2. Characterization of the Electrocatalysts and Gas
Extraction Membranes. The JSM-7900F field emission scanning
electron microscope (FE-SEM) (JEOL, Japan) with coupled EDS was
used to analyze the morphology and chemical compositions of
different copper-based catalyst layers. The X-ray powder diffrac-
tometer (XRD) was taken on Philips, EMPYREAN, and PANalytical
Almelo with Co Ka radiation (4 = 1.789 A) to investigate the
crystalline structures. The X-ray photoelectron spectroscope (XPS,
Thermo, K-Alpha, USA) with monochromatic Al Ka radiation (hv =
1486.6 eV) was employed to measure the surficial chemical states and
compositions. The binding energy of C 1s (284.8 eV) was used as a
reference to calibrate the spectra. The liquid—gas boundary at the gas
extraction membrane interface and bubble generation/transport
behavior were observed by a Carl Zeiss Axitoech 100 HD model
microscope.

4.3. Electrochemical Measurements of the Electrocatalyst
Layers. To investigate the electrochemical double-layer capacity
(EDLC, Cq) of the different Cu catalyst layers, cyclic voltammetry
(CV) tests were performed in a three-electrode H-type cell with a CH
Instruments 700E Potentiostat. The H-cell was separated by a proton
exchange membrane (Nafion 117, Dupont). The gas extraction
electrode with different Cu catalyst layers, a IrO,—RuO,/Ti plate, and
SCE served as the working electrode, counter electrode, and reference
electrode, respectively. The response current intensity of CV tests was
recorded within a potential range of +0.0S V around open-circuit
potential (OCP), where only double-layer charging and discharging
occurs (no Faradaic process), at scan rates (v) of 10—~100 mV sl
The double-layer capacitance was regarded as the indicator of active
site number, which was the slope of the linear regression by plotting
the charging current of the double layer (I, and I.) versus the CV scan
rate in eq 1.°" The ECSA was subsequently calculated by comparing
the capacitance of the nanostructured surfaces against that of a flat Cu
surface with an area of 1 cm?

Ia - IC

2

= Cyv (1)

4.4. Electrochemical Flow-Cell Component, Assembly, and
Operation. The flow cell was comprised of three channels: anolyte,
catholyte and NHj; trap, as depicted in Figure la and Figure S3
(Supporting Information). The anolyte channel (dimensions 30 mm
X 30 mm; S mm long) contained the IrO,—RuO,/Ti anode (1 mm
thickness). The catholyte channel (dimensions 30 mm X 30 mm; S
mm long) contained the electrode with different copper-based catalyst
layers as the cathode. The anolyte and catholyte channels were
separated by a proton exchange membrane (Nafion 117, Dupont).
The NHj trap channel (30 mm X 30 mm; S mm long) was used to
capture the NHj; extracted from the catholyte via the electrode. The
catholyte and NHj trap channels were separated by the cathode. The
copper-based catalyst side of the cathode faced the catholyte channel,
while the PTFE gas diffusion layer faced the NH; trap channel.
Silicone gaskets with a 30 mm X 30 mm window were placed between
each layer to achieve sufficient sealing. Each channel has an inlet and
outlet (4 mm OD; 2 mm ID) to pump the electrolyte into and out of
the channel.

To promote mixing and minimize the diffusion boundary layer, the
fluid inside the three channels was recirculated by two peristaltic
pumps (MASTERFLEX L/S) at a flow rate of 25 mL min~". The
electrolyte solution (50 mL, 0.1 M Na,SO,, pH 7) was recirculated
among the trap channel, anode channel, and trap tank. The synthetic
wastewater (50 mL, 10—100 mM NO;~, 0.1 M Na,SO,, pH 3—11) or
actual RO wastewater was recirculated between the cathode channel
and the feed tank. The cathodic potential was controlled to be —1.00
to —1.36 V vs SHE with a response current density range of ~2—15
mA cm™2

4.5. Performance Evaluation of the Electrocatalytic NO;~
Reduction to NH;. The nitrate, nitrite, and ammonia concentrations
in the feed and trap tanks were all measured by ultraviolet—visible
(UV—vis) spectrophotometry as detailed in the Supporting
Information. "
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The selectivity (S, %) and Faradaic efficiency (FE, %) for NH,
were calculated by

AlCyyy]
——F X 100

Sa (%) =
T Al )

nX F XN,
FE (%) ZT X 100 (3)

The partial current density toward ammonia production (jy,) is

the product of FE for NH; production and the total response current
density (Ipog), which was further normalized to geometric surface
areas (cm™2 ) and/or ECSA (mA cm? ¢cg,)

geometric.

jNH3 =FE (%) X ITotal (4)

where A[Cyy,] and A[Cyo;] are the concentration difference of NH,
(the sum concentration in feed tank and trap tank) and NO;~ (the
concentration in feed tank) before and after the operation of this
electrochemical flow-cell, n is the electron transfer number (8) per
mole of reduced nitrate to NH;, N; is the amount (mol) of the
produced NH;, and Q is the total charge (C) passing the electrode,
which was calculated based on the integration of the curve I (A) vs ¢
(s).

The NH, yield rate (uM h™' cm™2) and NH,; transfer rate (M-NH,
cm™ s7!) were obtained by

generated NH3 concentration

NH, yield rate =
R tx S (5)

NNH,

X S (6)

where nyy, is the moles of NH; passing through the gas exchange

NH jtransfer rate =

membrane per unit time, ¢ is the unit time (h or s), and S is the size of
the gas exchange membrane (cm?).
The NH; recovery efficiency (%) was calculated by

NH, in trap tank
3111 rap an % 100

NH, recovery (%) = —————
} y (%) total generated NH, (7)

4.6. Calculation of TOF. Calculations were extended to include
activation energy (AE,) and turnover frequency (TOF) for a
compre}sxsgzsive kinetic evaluation of the *NO to *NOH con-
version.””

kT AE
TOF = “L % exp| — 2
p eXP[ kT ]

8)

The equation relates k, the Boltzmann constant (8.617 X 107° eV
K™'), and h, the Planck constant (4.136 X 107° eV Hz™!), to T, the
temperature in Kelvin, and AE, the activation energy for the
*NO—*NOH transition.

4.7. Simulation and Computational Methods. Detailed
simulation and computational methods, including core metadata
and formula development, are described in the Supporting
Information. In general, the Finite Element Method (FEM)
simulations were performed by COMSOL Multiphysics version 6.1
as a stationary, 2D axisymmetric model consisting of an electrolyte
diffusion layer and a Cu needle/semicircle. The FEM simulation was
constructed on the “Electric Currents” module and the “Heat Transfer
in Solids and Fluids” module. Density functional theory (DFT)
calculations were performed using the Perdew—Burke—Ernzerhof
functional, as implemented in the Vienna Ab initio Simulation
Package.
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