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ABSTRACT: Ammonia (NH,) is vital for synthesizing fertilizers and has
gained great attention as a carbon-free hydrogen carrier and a hydrogen-
rich fuel. Electrochemical ammonia synthesis from nitrate in a water-fed
polymer electrolyte membrane electrolyzer is an innovative approach to
wastewater treatment. However, the major hurdles to practical
implementation are competing hydrogen evolution reactions (HERs)
and constrained catalytic efficiency. Herein, we demonstrate the use of
polyvinylpyrrolidone (PVP)-modified ruthenium (Ru) nanoparticles as a
strategy to drive the desired reaction of nitrate to ammonia. The particle
size of Ru was controlled by PVP, enhancing the metal-utilization efficiency

and the electrochemical active surface area. PVP modification was found to ﬁr\";?g\errega\l;‘;(;:bis!:tzjl ore actie surface area
alter the electron density on Ru, suppressing the HER by increasing the i formation bt merease, suppressed HER
energy barrier of hydrogen coupling to form H,, while promoting absorbed
hydrogen (H*) formation, facilitating the hydrogenation of intermediates to ammonia. Benefiting from the combined effects, PVP-
10 wt % Ru/C achieved an ammonia production rate of 3800 yg-mgg, '*h™", compared to 590 pg-mgy, "-h™" for 40 wt % Ru/C at 2
V.

KEYWORDS: electrocatalyst, ammonia synthesis, nitrate reduction, PEM cell, capping ligand, hydrogen binding energy

H INTRODUCTION surface-absorbed active hydrogen (*H), which is generated on
the catalyst via the initial Volmer step (H,O + * + e~ — *H +
OH")."” This *H species is fundamentally important as it
serves as the hydrogenating agent for the sequential reduction
of nitrate to ammonia. However, the accumulation of *H also
promotes the HER through two competing pathways: the
Tafel step (*H + *H — H, + 2*),'" involving the
recombination of two adsorbed *H intermediates, or the
Heyrovsky step (*H + H' + e~ — H, + *), where an *H
intermediate reacts with a proton—electron pair.'” Conse-
quently, the catalytic surface kinetics dictate a delicate balance:
insufficient *H coverage limits the NO;RR rate, whereas
excessive coverage kinetically favors H, evolution, thereby
diminishing the Faradaic efficiency toward ammonia synthesis.

Therefore, great efforts have been devoted to catalyst
development for this process aiming to suppress the HER
while facilitating efficient NO3;RR. One effective approach is to
modulate the electronic structure of the catalyst to weaken

Nitrogen is the fifth most abundant element on Earth and is a
crucial nutrient element for all living organisms." The increased
use of fertilizers has resulted in global environmental pollution
and an energy crisis. Particularly, plants absorb only about 40%
of the applied fertilizer, with the rest remaining in the soil.”
This leftover ammonium (NH,") is converted into nitrate
(NO;") by soil bacteria.”* The soluble NO;~ can leach into
aquatic systems, causing eutrophication, acidification, and
ecosystem disturbances.”® Numerous technologies have been
developed for the removal of nitrate from groundwater,
including chemical and biological denitrification, reverse
osmosis, ion-exchange processes, and electrocatalytic deni-
trification.” Among these, the electrochemical nitrate reduction
reaction (NO;RR) has emerged as a promising approach for
both wastewater treatment and ammonia synthesis.” " This
process is a promising alternative to the conventional energy-
intensive Haber—Bosch process'"'” which involved high-
energy consumption (1—2% of globally available energy
annuallyl3) and large amounts of CO, emission (1—1.5% of
global emissions)."*

However, a principal challenge in this eight-electron-transfer
process is achieving high selectivity toward ammonia against
the competing hydrogen evolution reaction (HER).">'® This
competition arises mechanistically from the involvement of the
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hydrogen (*H) binding, which could selectively promote the
nitrate hydrogenation while suppressing the competing
HER.”*"*° Another promising approach is to use bifunctional
catalysts that have separate active sites—one designed for
adsorbin% and activating nitrate and another for hydro-
genation.””*® Thus, deeper knowledge of the competitive
interplay between the NO;RR and HER intermediates, along
with the specific behavior of *H, remains essential for future
catalyst design breakthroughs. To achieve high performance in
the NO;RR, it is crucial not only to focus on the suppression of
the HER but also to increase the number of active sites for the
reaction, especially when using costly noble metals like
ruthenium.””*° One effective strategy to solve this problem
is to decrease the metal loading while downsizing the particle
to increase the active surface area, which is a straightforward
way to imlprove the catalytic activity with economic
advantages.”

Meanwhile, currently, most studies aiming at developing
efficient electrocatalysts are conducted on H-cells or batch cells
that cannot be operated continuously and hinder the
commercialization and large-scale operation.”® Thus, perform-
ing the NO;RR in a continuous manner using a membrane
electrode assembly (MEA) electrolyzer is a promising
approach which can significantly reduce the internal Ohmic
resistances and improve the energy efficiency.’®’” Recently,
the electrochemical nitrate reduction to ammonia in an
alkaline flow cell has been reported, but the electrolytes used
are typically concentrated KOH solutions, which can cause
serious corrosion problems and difficulties in device manage-
ment.***° Therefore, conducting electrochemical nitrate
reduction in a polymer electrolyte membrane (PEM) flow
cell with NO; -pure water coelectrolysis toward ammonia
synthesis is a more practical approach for future large-scale
application.

In this study, we report an unforeseen but profound HER
suppression effects from the capping ligand folyvinylpyrroli-
done (PVP, structure shown in Figure S1 %)-modified Ru
nanoparticles (NPs). Specifically, we discovered that residual
PVP, which is difficult to remove completely after synthesis,
rather than inhibiting the reaction, critically enhances ammonia
selectivity by suppressing the competing HER. Through
detailed physical and electrochemical characterization, it can
be concluded that PVP controls the particle size of Ru on the
carbon support, which greatly enhances the metal-utilization
efficiency and electrochemical active surface area (ECSA).
Remarkably, PVP-modified 10 wt % Ru/C catalyst achieved an
ECSA 4 times higher than that of a conventional 40 wt % Ru/
C catalyst, despite the lower metal content. Additionally, PVP
modulates the electron density on the Ru surface. This change
increases the energy barrier for the coupling of adsorbed
hydrogen (*H) to form H,, thereby suppressing the HER
while simultaneously promoting the formation of *H for the
hydrogenation of reaction intermediates into ammonia. These
insights reveal a simple and effective strategy for designing
highly active and selective electrocatalysts for electrochemical
nitrate reduction to ammonia.

B EXPERIMENTAL METHODS

Synthesis of Different Ru Loadings on a Carbon Support

Ru NPs with different loadings (S, 10, 20, and 40 wt %) on a Vulcan
XC72 carbon black support, named 5Ru/C, 10Ru/C, 20Ru/C, and
40Ru/C, respectively, were prepared by an impregnation reduction
method with NaBH4’4] as shown in Figure S2. In a typical process
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with 40 wt % Ru/C as an example, 164.18 mg of RuClyxH,0 (99.9%,
Sigma-Aldrich) was dissolved in S0 mL of water in a round-bottom
flask under stirring (1000 rpm). After 15 min, 120 mg Vulcan XC72
carbon black (Cabot Corporation) was added and stirred for 1S min
at room temperature and then sonicated for another 30 min in an
ultrasonic bath with additional ice to minimize heating. Subsequently,
a freshly made NaBH, (Sigma-Aldrich) solution (179.67 mg,
NaBH :Ru = 6:1, in moles, 6-fold excess with respect to the
stoichiometric amount of Ru precursors) was slowly added dropwise
into the suspension, followed by stirring for 1 h (1000 rpm) at room
temperature. The catalyst was then collected and washed several times
by centrifugation (6000 rpm and 1S min each cycle) with Milli-Q
water to remove Na* and CI~ ions. Finally, the catalyst was collected
and dried in an oven at 80 °C overnight. S, 10, and 20 wt % Ru/C
catalysts were synthesized using the same method with different
amounts of metal precursors and carbon black.

Synthesis of Different Ru Loadings on a Carbon Support
with PVP

PVP-modified Ru NPs with different loadings (10, 20, and 40 wt %)
supported on Vulcan XC72 carbon black, named PVP-10Ru/C, PVP-
20Ru/C, and PVP-40Ru/C, respectively, were prepared by the same
impregnation reduction method as described before. As shown in
Figure S3, polyvinylpyrrolidone (PVP, MW = 40,000, Sigma-Aldrich)
aqueous solution (PVP:Ru = 1.2:1, in w/w)** was added after the
dissolution of RuCl;xH,0, and the remaining steps were kept the
same as the previous Ru/C synthesis.

PVP Removal Experiment in PVP-10Ru/C

To exclude the possible effect of PVP itself on the electrocatalytic
activity for the Ru/C catalyst, PVP removal was conducted for PVP-
10Ru/C by heat treatment,”** named PVP-10Ru/C-removed.
Thermogravimetric analysis (TGA) of PVP (K30, MW = 40,000)
was carried out in a Mettler Toledo SF/1100 thermogravimetric
analyzer in a N, (100 mL-min™") inert atmosphere with a 2 °C-min™"
heating rate up to 800 °C. As shown in Figure S4, the results revealed
that PVP decomposition starts at around 300 °C and finishes at
around 660 °C. It is well known that the nanoparticles will coalesce
when the stabilizing agent starts decomposing and will eventually
form large agglomerations.d's’46 Thus, in order to remove PVP but
avoid radical change to the morphology of the prepared PVP-10Ru/
C, the catalyst was heat-treated at 300 °C with 2 °C-min~" heating
rate in N, (100 mL-min™") and kept for 8 h.

Material Characterization

Powder X-ray diffraction (XRD) was performed with a Bruker D8
Advance X-ray diffractometer using a Cu Ko radiation source in a
range of S to 90° with a step of 0.05°. Transmission electron
microscopy (TEM) images were taken with a JEOL JEM-1400 PLUS
system to measure the surface morphology and particle size
distributions. To study the surface chemical compositions and
chemical states, X-ray photoelectron spectroscopy (XPS) was
performed on a Thermo Scientific ESCLAB 250. The source used
Al Ko radiation, and the mean X-ray photon energy was 1486.69 eV.

Membrane Electrode Assembly Preparation

The Nafion 115 membrane (Ion Power) was pretreated according to
the activation procedure, by soaking for 1 h in 3 wt % hydrogen
peroxide (H,0,, Sigma-Aldrich) solution at 80 °C, followed by 1 h in
1 M H,SO, (Sigma-Aldrich) solution at 80 °C, and 1 h in boiling
Milli-Q water. After the activation step, the membranes were stored in
Milli-Q water to prevent swelling. 10 mg of the prepared cathode
catalyst and 30 wt % Nafion ionomers (Nafion perfluorinated resin
solution, Sigma-Aldrich) were ultrasonically dispersed in 2 mL of
isopropanol for 30 min to generate a homogeneous ink. Then, the
catalyst ink was spray-coated (Figure SS) onto a Nafion membrane
with an active area of 2 X 2 cm” at 60 °C to obtain 2.5 mg-cm™
catalyst loading. The anode ink was prepared by the same method
consisting of 1.2 mg of commercial IrO, (0.3 mgcm™ catalyst
loading), 20 wt % Nafion ionomer, and 2 mL of isopropanol. After
spray coating, the catalyst-coated membranes (CCMs) were hot-
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pressed at 120 °C and 1 MPa for 3 min using an automatic press
(Speca Press). The MEA was prepared by pressing two porous
sintered titanium gas diffusion layers (2 X 2 cm?) (GDL, Bekaert) on
both sides of the membrane. The PEM electrolyzer was assembled by
sandwiching the MEA, two titanium bipolar plates with flow channels,
and two aluminum-cartridge-heated end plates with S N-m screw
torque (Figure S6).

Electrochemical Nitrate Reduction Experiments

The electrochemical nitrate reduction experiments were conducted in
a PEM electrolyzer (Figure S7) using an AUTOLAB PGSTAT302N
potentiostat. The electrocatalytic performance of different loads of
Ru/C catalysts for NO;RR to ammonia was compared under ambient
pressure at 80 °C where the electrolyzer was heated by heating
cartridges. At the anode chamber, Milli-Q water was supplied, and at
the cathode chamber, 1000 ppm of KNO; aqueous solution was
supplied. For both chambers, the flow rate was set at 0.5 mL-min~" by
a peristaltic pump (Ismatec). Chronoamperometry (CA) at different
cell voltages from 1.7 to 2.1 V was performed until a stable current
was reached. Each potential measurement was recorded for 30 min.
Electrochemical impedance spectroscopy (EIS) was measured under
the catalytically relevant potential (1.7 V) in the frequency range from
100 kHz to 0.1 Hz, with 10 points per frequency decade and a
perturbation wave of 10 mV.

Product Analysis and Data Processing

Ion chromatography (Metrohm 883 Basic) was used to analyze the
concentration of the product in the electrolyte composition. A
Metrosep C6 column was used for the quantification of NH," and a
Metrosep Supp S column was used for the quantification of NO,™ and
NO,"~.

The NH; and NO,~ Faradaic efficiencies (FE’s) of the NO;RR
were calculated according to eqs 1 and 2.

- _mzF _ 8 X Cyy X VXF
M Q (1)
- _nzF _ 2X Cno, X VXF

N Q @)

Here, z = 8 and 2 represent the number of electron transfers required
to form NH; and NO,, 7 is the molar concentration of NH; and NO,
in the catholyte stream, V is the volume of the catholyte stream, F is
the Faraday constant, 96,485 C:mol™!, and Q is the charge passing
through the cell.
The single-pass conversion rate of NO;~ was calculated based on
eq 3:
t=0
(o) =

(t=0)
C(Nog)

(=30)
(o)

Xnor) X 100

(©)

Ct: 30

where C{Z° represents the initial nitrate concentration and :
NO; NO;

represents the nitrate concentration after 30 min of reaction.
Electrochemical Active Surface Area Experiment

Copper underpotential deposition (Cuypp) was used to characterize
the electrochemical active surface area (ECSA) of Ru/C and PVP-
modified Ru/C catalysts.*”*® Integration of the peak area
corresponding to underpotential deposition (UPD) stripping allows
the surface area to be calculated with the assumption of an adsorption
ratio of a single Cu atom to each surface Ru metal atom and an
electrosorption valency of +2.%

Cuypg = Cu®* + 2 420 uC-em™ (4)

All of the measurements were performed in a typical three-
electrode cell. A graphite rod was used as the counter electrode, a
reversible hydrogen electrode was used as the reference electrode, and
a 5 mm glassy carbon electrode with the dropcast cathode catalyst was
used as the working electrode. The catalyst ink was prepared in the
same way as described previously, then 10 yL ink was dropcast on the
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glassy carbon electrode, and the electrode was dried. The obtained
catalyst loading was 0.25 mg-cm™. All of the experiments were
performed in 0.1 M H,SO, and 2 mM Cu,SO,. Before all
measurements, the electrolyte was purged with helium (He) for
20—30 min to remove the dissolved oxygen. First, cyclic voltammetry
was performed for 20 cycles from 0.03 to 0.7 V at a scan rate of 10
mV-s~' in 0.1 M H,SO, to obtain the background. Then, the
electrode was polarized at 0.29 V for 100 s in He-purged 2 mM
Cu,SO, and 0.1 M H,SO, solution. After Cu deposition, a linear
voltammetric scan was performed from 0.29 to 0.7 V at a scan rate of
10 mV-s™! to oxidize all of the underpotential-deposited copper.

_ chupd
420 pC-cm™ X Ly,

ECSA
(5)

where Q, is the Cuypp stripping charge in #C-cm™ and Ly, is the Ru
loading in the catalyst in gm ™

Hydrogen Binding Energy

Ru has a strong interaction with hydrogen that leads to hydrogen
underpotential deposition (H,,), which means hydrogen adsorbs at
positive potentials vs the reversible hydrogen electrode (RHE).**"’
The hydrogen binding energy (HBE) is the descriptor of the
hydrogen evolution reaction (HER).

Hydrogen binding energy (AGY) is defined as

1
EHZ +* - Had

(6)
Hydrogen adsorption/desorption is given by

+, -
H +e +%* > Hy

(7)

Overall reaction:

H' +e — ~H

2’ (8)

The overall reaction could go through a Tafel-Volmer pathway,
which is described as

1

JH+ M= M- Hy AG) = AGY

)
(10)

For the second reaction, the Hypp adsorption and desorption can
be defined by C—V profiles, AGY can be derived with reference to the
Hypp desorption peak (Epeak) in C—V profiles, assuming a Langmuir
adsorption isotherm, according to the following equation:

M—-Hy=H"+e +M AG)=- AG}

AGY = —FE

(11)

where F is the Faraday constant (96,485 C-mol™!).>>

Water Contact Angle Measurements

Water contact angle measurements were performed via the sessile
drop method using an OCA 25 goniometer (DataPhysics Instruments
GmbH, Filderstadt, Germany), and 2 uL of droplets were dispensed
onto substrates using an automatic pipetting unit. Measurements were

taken in ambient air in the temperature range of 20—24 °C (Figure
S8).

B RESULTS AND DISCUSSION

Promotional Effects of PVP on Ammonia Production over
Ru/C Catalysts

We first synthesized Ru/C catalysts with different loadings (10,
20, and 40 wt %). The NO;RR often has various byproducts.
As per our observations, the nitrogen balance during the
NO;RR with the catalysts after varying potentials was
considerably close (<5% loss, Figure S9). It is well known
and also confirmed in this study that the hydrogen evolution
reaction (HER) is the main competitive reaction.”’””¢ Hydro-
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Figure 1. Electrochemical NO;RR performance. Faradaic efficiency (left) and total current density (right) for electrochemical nitrate reduction on
(a) 40Ru/C; (b) 10Ru/C, and (c) PVP-10Ru/C. (d) NH; partial current density, (e) NO;~ single-pass conversion, and (f) NH; yield rate with

regard to Ru metal loading.

gen and ammonia were the only two detectable products from
the NO;RR using the Ru/C electrocatalysts.

Figure la,b compares the electrocatalytic performance of
40Ru/C and 10Ru/C in the PEM electrolyzer, and the
performance of 20Ru/C is shown in Figure S10a. A decrease in
catalytic activity is observed upon reducing the Ru loading
from 40 to 10 wt % on the carbon black support. The FE
toward NH; first increases and then decreases within the tested
cell voltage range, while the HER becomes dominant at higher
voltages for all of the catalysts. The highest FEs toward NH;
are 80% for 40Ru/C, 76% for 20Ru/C, and 69% for 10Ru/C at
1.9 V, respectively. Among all of the catalysts, 40Ru/C shows
the highest FE toward NH;. However, it should be noted that
the total cell current densities are at a similar level, implying
that a lower-Ru loading appears to reduce the ammonia
synthesis efficiency, with a greater proportion of electrons
being consumed by the competing HER, yielding H,. As
shown in Figure 1d and S10b, the NHj partial current density
is higher with 40Ru/C than with 10Ru/C and 20Ru/C,
indicating lower ammonia production with decreasing Ru
metal loading. A similar trend can also be found in the NO;~
single-pass conversion rate, where higher conversions are
observed together with higher Ru metal loading (Figure le).

Polyvinylpyrrolidone (PVP) was introduced as a capping
agent to engineer and control the size of Ru NPs, aiming to
achieving higher activity and selectivity to NH; with lower-Ru
loading on carbon black supports. To investigate the PVP
effects systematically, PVP-modified Ru/C catalysts with the
same loading were synthesized and tested under the same
conditions as Ru/C catalysts for electrochemical nitrate
reduction to ammonia. The Ru loading of all of the samples
was measured by TGA (Table S1). Blank samples of PVP-
modified carbon black (PVP-C) were also prepared using the
same method. From the previous research in our group, we

3433

know that bare carbon black shows nearly no activity toward
nitrate reduction to ammonia.”* The control experiments with
PVP-C (Figure Sllab) also show that only a very small
amount of ammonia formed with almost 100% nitrogen
balances, indicating that PVP has no catalytic effect on the
carbon support.

For the PVP-modified Ru/C catalysts, nitrogen balances
were also calculated to verify the FE results (Figure S12), and
nearly 100% of total nitrogen species were detected. Strikingly,
PVP-10Ru/C shows the highest FE (86%) and reaches 46%
NO; single-pass conversion, which is the highest among all of
the catalysts (Figure 1d). The electrocatalytic NO,;RR
performance for PVP-20Ru/C and PVP-40Ru/C is depicted
in Figure S13. The FE toward NH; decreases with increasing
loading, showing the lowest NO;~ conversion and NHj partial
current density for PVP-40Ru/C, which indicate the limitation
of the PVP medication method at high Ru loadings.

For better understanding the production rate regarding
metal utilization, Figures 1f and S14 show the ammonia
production rate with regard to Ru metal loading as a function
of cell voltages. We observed that with PVP modification, Ru
utilization is higher, leading to higher NH; production rates
per mg Ru. Among all catalysts, PVP-10Ru/C remarkably
shows the highest NH; yield of 3800 ug mgg, ' h™' at 2 V,
compared to S90 ug mgp,~' h™' for 40Ru/C and 1636 ug
mgg, ' h™! for 10Ru/C.

Exploring Structural and Electron Density Effects of PVP
for Ru Nanoparticles

With PVP as a stabilizing agent, PVP-10Ru/C shows the
highest performance for ammonia production on a Ru-based
carbon-supported catalyst.

As shown in Figure 2a—c, the transmission electron
microscopy (TEM) images of as-prepared PVP-10Ru/C,
10Ru/C, and 40Ru/C catalysts clearly indicate the decrease
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Figure 2. TEM images for (a) PVP-10Ru/C; (b) 10Ru/C; (c) 40Ru/C; (d) XRD patterns; (e) & (f) XPS data; (g) scheme of interaction between

Ru and PVP.

in the size of Ru NPs. Size distributions were studied by
analyzing 150 Ru NPs, resulting in average particle sizes of 3.2,
2.3, and 1.1 nm for 40Ru/C, 10Ru/C, and PVP-10Ru/C,
respectively. For 40Ru/C, the Ru NP size ranges from 1 to 12
nm with evident aggregations. As the Ru loading is decreased
to 20 wt %, the NP size range narrows to 0.5 to 10 nm, while
some aggregations are still observed (Figure S15). Further
reduction of the Ru loading to 10 wt % resulted in a particle
size distribution of 0.5 to 8 nm with an approximate average
size of 2.5 nm and with fewer aggregations. This shows that
decreasing the Ru loading led to a reduction in the level of
aggregate formation. In contrast, compared to bare Ru/C
catalysts, the Ru NP size is clearly decreased for the PVP-
modified Ru/C catalysts (Figures 2a and S16a). For PVP-
20Ru/C and PVP-10Ru/C, the Ru NP particle size
distributions are in the ranges of 0 to 4 and 0 to 3 nm,
respectively, without obvious large aggregations, and the mean
particle size distribution for PVP-10Ru/C is 1.1 nm. However,
when the Ru loading is as high as 40 wt %, the presence of PVP
cannot effectively prevent agglomeration (Figure S16b).

The X-ray diffraction (XRD) patterns (Figures 2d and S17)
also suggest that the particle size of the PVP-modified Ru is
smaller compared to the unmodified one. The broad
diffraction peak around 26 = 25° is ascribed to the amorphous
Vulcan XC72 carbon black support.”® All Ru catalysts
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exhibited broad diffraction peaks around 26 = 44°, which is
attributed to metallic Ru (PDF#: 06-0663 and PDF#: 88-
2333) and indicates a less-crystalline Ru structure rather than a
well-faceted crystalline Ru.”> Notably, the PVP-modified Ru/C
catalysts display a distinct border peak in contrast to the Ru/C
catalysts, indicating a smaller particle size of Ru NPs, which is
in agreement with the TEM results.

The electronic structure and components of the as-prepared
Ru-based catalysts were investigated by X-ray photoelectron
spectroscopy. The XPS spectra of different loadings of 40Ru/
C, 10Ru/C, and PVP-10Ru/C are presented in Figure 2e,f and
for the rest of the studied catalysts are shown in Figure S18.
The most intense C 1s peak was set at 284.6 eV as the
reference for calibration.’® The PVP-modified Ru/C catalysts
show N 1s signals around 399—400 eV, which are attributed to
the presence of N in PVP.”” Conversely, no distinct N 1s
signals are observed for as-prepared Ru/C catalysts, which
confirm the incorporation of PVP in Ru/C electrocatalysts.

The electronic structure of Ru was investigated based on the
binding energy (BE) of Ru 3p, due to a significant overlap
between the Ru 3d and C 1s regions. XPS spectra of Ru 3p
showed a doublet at the binding energies of 461 and 484 eV,
corresponding to Ru 3p3/2 and Ru 3p1/2, respectively. For Ru
3p3/2, the peaks at binding energies of 462.21 and 465.88 eV
represent the valence state of metallic Ru’ and oxidized RuO,,
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respectively. The presence of RuO, suggests the formation of
an oxide layer on the Ru surface when the catalyst is exposed
to air. Table S2 shows the Ru 3p3/2 peak value of Ru/C and
PVP-modified Ru/C. Negative shifts in binding energy were
observed, which suggest the interaction between Ru NPs and
PVP, where PVP serves as the electron donor and Ru is the
electron acceptor (Figure Zg).58 Interaction of PVP and Ru
NPs leads to charge transfer from PVP to the Ru surface,
resulting in a negative charge on the Ru surface, lowering the
binding energy of Ru 3p orbitals. Similar observations of PVP
decreasing metal binding energy were reported on Pt** and
Au’”’ Additionally, the PVP-modified Ru catalysts exhibit
higher electron density compared with unmodified Ru/C
catalysts with smaller particle sizes. Overall, PVP-10Ru/C
shows the lowest binding energy, indicating the highest
electron density (Figure S19).

Electrochemical Characterization of Electrochemical
Active Surface Area and Hydrogen Binding Energy

The electrochemical active surface area (ECSA) is a possible
key descriptor in the NO;RR. The copper underpotential
deposition (Cuypp) stripping voltammetry method was used to
investigate the ECSA of Ru catalysts with different particle
sizes. Underpotential deposition (UPD) entails the adsorption
of metal atoms onto an electrode surface, forming a monolayer
or submonolayer at electrode potentials more positive than the
potentials necessary for bulk deposition of the respective metal.
Cuypp stripping voltammetry is an ideal method for measuring
the ECSA of Ru due to the similarity of atomic radii for both
metals, 0.128 and 0.134 nm for Cu and Ry, respectiv<3ly.47’60’61
As shown in Figure S20, the blank measurement represents the
voltammogram obtained in a 0.1 M H,SO, solution. To form
the Cu UPD layers, the electrode was initially polarized at
potentials 0.29, 0.285, 0.28, 0.275, and 0.27 V vs RHE for 100
s. Subsequently, the deposited Cu was oxidized between the
deposition potential and 0.7 V vs RHE, using a sweep rate of
10 mV-s™". Under polarization potentials of 0.29 V vs RHE,
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only one oxidation peak was observed around 0.4 V vs RHE,
indicating the presence of a Cu monolayer. Another oxidation
peak emerged while decreasing the polarization voltage, which
is attributed to the oxidation of bulk copper. Therefore, the
polarization voltage of 0.29 V vs RHE was employed in this
study.

Figures 3a—d and S21 present that the PVP-modified and
lower-Ru-loading electrocatalysts exhibited higher ECSA
values compared to unmodified and higher-loading Ru/C
catalysts. This suggests that the utilization efficiency of Ru
metals was improved by downsizing the Ru NPs (Table S3).
As expected, PVP-10Ru/C shows the largest ECSA value of 98
m*g~! among all of the synthesized catalysts. Compared with
40Ru/C and 10Ru/C catalysts, which show 25 m*g™" and 61
m*g~! ECSA values, PVP-10Ru/C exhibits a much higher
value, almost 4 times higher than that of 40Ru/C.

To further elucidate the impact of PVP on Ru/C catalysts,
the double-layer capacitance (Cy) values were evaluated by
cyclic voltammetry (C—V) over a non-faradic range, as
depicted in Figure S22. The Cy is the indicator of the
accessibility of electrolyte ions to the electrode surface.
Notably, the Cy values for the PVP-modified Ru/C catalysts
exceed those of the unmodified Ru/C catalysts. For instance,
the Cy value of PVP-10Ru/C is 30 mF-cm™?, compared to 23
mF-cm™ of unmodified 10Ru/C. This trend is consistent over
all of the Ru/C catalysts with 20 and 40 wt % loadings, further
proving the enhancement in the exposure of Ru-active sites
and the improved interaction between the electrolyte and the
electrode with PVP modification.

Intriguingly, the electrochemical NO;RR performance of the
Ru/C catalysts (with or without PVP modification) was not
consistent with the ECSA values. Among the Ru/C catalysts
without PVP modification, 10Ru/C has a higher ECSA value
and higher current density, but it shows lower FE toward NH;
and lower NO;~ conversion compared to 40Ru/C, which is
unexpected. However, as expected, PVP-10Ru/C exhibits the
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largest ECSA values together with the highest FE toward NH;
and the highest NO;~ conversion among all of the prepared
Ru-based catalysts. Besides, the current density of PVP-10Ru/
C was lower than those of Ru/C catalysts with same loading,
which indicates the suppression of the HER in the reaction.
To further prove the above findings, it is of great importance
to clarify the relationships among electrocatalytic NO;RR
performance, ECSA, and the HER. Thus, HBE was
investigated as a descriptor for HER activity of the studied
catalysts.”®> To this end, the HBE values were measured
experimentally via C—V scans in blank solution (He-saturated
0.1 M H,SO,) from 0.03 to 0.7 V vs RHE at 10 mV-s™!
(Figure S23a—c). HBE was obtained from the Hypp peak
position (E,,), which has a direct relationship with Hypp
using the equation: AGY; = —FEp,. According to the equation,
the HBE values of the catalysts were calculated and
summarized in Figures 3e, $23(d) and Table S3. It is widely
accepted that the HER activity in the acid electrolyte is only
determined by the HBE of the electrocatalyst surface.”’
Therefore, the higher HBE can be attributed to the decrease
in HER activity of the Ru/C catalysts. For the Ru/C catalysts,
the HBE decreases with decreasing Ru loading, indicating
superior HER activity on 10Ru/C than 40Ru/C. This is
consistent with the electrocatalytic performance of the NO;RR
that 10Ru/C shows higher current density with lower FE
toward NH;, and more electrons were utilized in the HER. As
for the PVP-modified Ru/C catalysts, the HBE shows a higher
value, which demonstrates inferior HER activity compared to
Ru/C catalysts. PVP-10RuC with the highest HBE values
displays the most suppression of the HER in comparison with
all of the other catalysts. XPS spectra also show that the
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electronic structure of Ru modified by PVP shifts to a higher
electron density. Previous research indicates that higher
electron density can suppress the HER, which benefits from
the nitrate reduction to ammonia formation.> Overall, the
ECSA and HBE results confirm the importance of PVP in
enhancing the active surface area and suppressing the hydrogen
production.

Kinetic Investigations via Electrochemical Impedance
Spectroscopy

Further, we investigated the effects of PVP on interfacial
charge-transfer kinetics. Electrochemical impedance spectros-
copy (EIS) was conducted under electrocatalytically relevant
conditions at 1.7 V and used to study the charge transport and
transfer phenomena on the electrode surface. The Randles
equivalent circuit model (ECM) (Figure 4a) was constructed
comprising Ohmic resistance (R;), polarization charge-transfer
resistance (R,) in the NO,RR, and constant-phase elements
(CPEs) which replace the electric double-layer capacitor to
simulate the distribution of double-layer charging along the
length of pores and the inhomogeneities on the porous
electrode and a Warburg coefficient (W) considering the loss
related with the diffusion process.”*®> Among all of the
elements in the ECM, R, represents the resistance
encountered by ions crossing the electrode/electrolyte inter-
face and inserting into the electrodes, which occurs at the
solid—liquid contact area in the low-frequency region.”®” The
NO;RR takes place at the interface between the solid cathode
electrode and the liquid electrolyte; hence, we focus on
analyzing the R, to reveal the relation between charge-transfer
kinetics at the electrode/electrolyte interface. The fitting
results from EIS (Figures 4b—d and S24a—c) show that the
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Ohmic resistances for different electrodes are at similar values.
With regard to R, obtained from the ECM fitting (Figure 4e),
as shown in Figure 4f, PVP-10Ru/C showed a significantly
smaller value of 14 mQ-cm ™2, compared to those of the 10Ru/
C catalyst (26.5 mQ-cm™2) and 40Ru/C catalyst (38.3 mQ-
cm™2). For the NO,RR, smaller R, is more favorable for better
charge-transfer kinetics. The EIS results show that the charge-
transfer kinetics decreases substantially by decreasing the Ru
metal loading with or without PVP modifications (Figure S24d
and Table S4), which is in good agreement with the electronic
structure modulation of Ru induced by the smaller particle size
(Figure S19).

Moreover, PVP is a highly hydrophilic polymer,*® which
may improve the electrode wettability. The water contact angle
results show that the PVP-modified catalysts have smaller
contact angles (Figures 4f and S$25), resulting in better
wettability, which likely improves the ability of liquid
electrolytes to spread out on the electrode surface and
facilitates NO;~ ion transportation through the interface. In
summary, the EIS measurements further confirm the
importance of PVP modification for enhanced charge-transfer
kinetics and effective wetting area and ion transport.

Investigating the PVP Coverage Effects on Electrocatalytic
Performance

To investigate whether PVP hinders electrocatalytic perform-
ance, a PVP removal experiment was conducted with the best-
performing PVP-10Ru/C catalyst. To remove PVP efficiently,
while keeping the same Ru particle size, the samples were
heated to 300 °C in a N, atmosphere for 8 h. To further
validate this, XRD, XPS spectroscopy, and TEM were used to
characterize the PVP-10Ru/C-removed sample. As shown in
Figure S26a, the PVP-10Ru/C-removed catalyst showed a
significantly decreased N 1s peak intensity, which confirmed
the effective removal of PVP but indicated that it cannot be
removed completely. The XRD results (Figure S26b) still show
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a broad peak, indicating that the Ru NPs are still of small size.
Moreover, TEM images show that the particle size distribution
is similar to that of PVP-10Ru/C (Figure S26¢). After removal
of PVP in the PVP-10Ru/C catalyst, the binding energy of Ru
3p showed a similar level of 10Ru/C, which also indicated the
successful removal of PVP without changing the Ru structure
(Figure S26a).

The electrochemical NO;RR experiments were performed
under the same conditions as other catalysts, where we observe
that the FE toward NH; (Figure Sa) and NO;~ (Figure Sb)
conversion is lower than that of PVP-10Ru/C. This indicates
that more electrons are used to produce H,. However, all of
these values are slightly higher than that of 10Ru/C, showing
that the remaining PVP likely plays a positive role in the
electrocatalytic performance. Furthermore, the ECSA, HBE,
and R, of the PVP-10Ru/C-removed catalyst (Table SS) is 74
m?*/g (Figure 5¢), —0.079 eV (Figure 5c) and 16 mQ/cm”
(Figure Sd), respectively.

To decouple the particle size effect from the contribution of
the capping agent and get a better understanding of PVP
effects, 5 wt % Ru/C (named SRu/C) without PVP was
synthesized as a control catalyst. By decreasing the metal
loading, a similar mean particle size distribution (about 1.2
nm) was successfully achieved for SRu/C, as compared to the
optimized PVP-10Ru/C (1.2 nm), which is confirmed by the
particle size distribution from TEM measurement (Figure
S27a). Figure S27b shows the electrochemical NO;RR
performance of SRu/C in a PEM electrolyzer, while Figure
S27¢ confirms that the N balances are well closed, similar to
other catalysts. The highest FE toward NH; is 55% at 1.8 V
and decreased slightly to 51% at 1.9 V, which is inferior to the
Ru-loading catalysts (10, 20, and 40 wt %) without PVP.
Despite lower selectivity, the total cell current densities of
SRu/C were comparable to, or slightly higher than, the other
catalysts without PVP. This suggests that smaller Ru NPs result
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in a larger ECSA, which drives the high total current densities.
However, a significant portion of this current contributes to
the formation of H, instead of NHj;. This observation aligns
with our main conclusion that decreasing the size of Ru NPs
lowers the HBE, thereby promoting the HER and decreases
the FE toward NHj.

When normalizing the NHj yield rate by Ru metal loading
(Figure S27d), PVP-10Ru/C shows the highest NH,
production rate (3800 pg mgy,~' h™' at 2 V), significantly
outperforming SRu/C (2700 ug mgg, ™' h™'). For the NO,~
conversion rate (Figure $27¢), PVP-10Ru/C shows the highest
value, while SRu/C shows similar conversion to 10Ru/C,
further confirming that the excess current in SRu/C is
consumed by the HER.

Overall, the PVP removal experiments and the control
experiments of NPs size-matched with SRu/C further confirm
the significance of PVP for suppressing the HER and
enhancing ammonia synthesis.

Tackling the Stability of PVP-Modified Ru/C Catalysts

PVP was introduced as a capping agent that can prevent Ru
NP aggregation on a carbon support besides altering the
electronic structure and wettability as described above. TEM
images after the NO;RR for all of the catalysts were taken to
study the stability of Ru NPs on a carbon support. The results
are summarized in Figures 6a—c and S28, exhibiting the
particle size distribution of various Ru/C and PVP-modified
Ru/C electrocatalysts before and after the NO;RR.
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Figure 6. TEM images after the NO;R reaction: (a) PVP-10Ru/C,

(b) 10Ru/C, and (c) 40Ru/C. (d) FE toward NH; for PVP-10Ru/C
as a function of time for 10 h.

Comparing the particle size distributions between Ru/C and
PVP-modified Ru/C catalysts, the results showed a significant
particle growth over Ru/C catalysts compared to PVP-
modified catalysts. In the case of 40Ru/C, the particle size
increased from 3.2 to 6.0 nm after the reaction; however, with
PVP modification, the particle size only increased by 0.9 nm.
For 10Ru/C, it can be observed that the Ru NPs agglomerated
more prominently after the reaction compared with the PVP-
modified one. The same observation also holds for 20Ru/C.
All of the results indicated that PVP helps stabilize the particles
during the electroreduction and prevent the agglomeration of
Ru NPs, which result in better particle stability (Table S6).
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For the practical application of an effective NO;RR
electrocatalyst, long-term durability is essential. We performed
the stability test of PVP-10Ru/C at a constant voltage of 1.9 V
for 10 h (Figure 6d). The FE toward NH; stabilized at around
82%, suggesting that PVP-10Ru/C has excellent stability for
the NO;RR to NH;. Besides, the synthesis procedure is
straightforward, containing only two steps: impregnation
followed by sodium boron hydrate reduction, which offers
significant potential for large-scale applications.

B CONCLUSION

In conclusion, we have uncovered the promotion effect of
PVP-modified Ru nanoparticles supported on carbon black for
the NO;RR to ammonia production and elucidated a 2-fold
origin of this promotion effect. Electronically, PVP increases
the electron density on the Ru surface, which suppresses the
competing HER by increasing the hydrogen binding energy,
thus further inhibiting the H—H formation. Physically, the
PVP modification controls Ru nanoparticle size, which in turn
amplifies the metal-utilization efficiency, increases the electro-
chemical active surface area, and improves charge transfer and
hydrophilicity. As a result, PVP-10Ru/C exhibited outstanding
performance, achieving a maximum NH; Faradaic efficiency of
86% and a single-pass NO;~ conversion of 46% at 2 V.
Notably, its NH; production rate is 3800 ug mgg, ' h™' at 2V,
which is 6 times higher than that of the conventional 40 wt %
Ru/C. Overall, the excellent electrocatalytic performance and a
simple strategy of PVP modification can be a versatile method
for developing superior electrocatalysts for demanding electro-
chemical reactions.
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