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A B S T R A C T

Ammonia production is imperative to increase the food supply for the growing global population. Ammonia is
also considered a major hydrogen energy carrier. The current industrial method for ammonia production is
energy intensive and heavily relies on fossil fuels, which are responsible for environmental pollution. To meet
ammonia demands, it is necessary to develop sustainable and environmentally friendly production methods that
consume significantly less energy than the current methods. The use of nanocatalysis in an electrochemical
system under ambient conditions can make an alternative route for fertilizer production. Here, the use of hollow
gold nanocages (AuHNCs) as an effective electrocatalyst is evaluated for electrochemical nitrogen reduction
reaction (NRR) under ambient conditions. The electrochemical experiments are carried out at various potentials
in 0.5M LiClO4 aqueous solution using AuHNCs, and their catalytic efficiency is determined for the conversion of
nitrogen to ammonia. The highest ammonia Faradaic efficiency (30.2%) is achieved at− 0.4 V vs. RHE while the
highest ammonia yield (3.9 µg cm-2 h-1) is obtained at − 0.5 V vs. RHE. These are greater than the highest values
currently reported in the literature in aqueous solution under ambient conditions. Furthermore, the role of
temperature on the electrochemical NRR performance is evaluated. It is found that by increasing the operating
temperature from 20 °C to 50 °C at − 0.4 V vs. RHE, the ammonia Faradaic efficiency increases from 30.2% at
20 °C to 40.5% at 50 °C. The electrocatalytic activity of NRR using AuHNCs is further compared with that of solid
Au nanoparticles of various shapes (i.e., rods, spheres or cubes) to elucidate the enhanced rate of the reaction
resulting from the increase in surface area and confinement effects. The three-fold enhancement in ammonia
Faradaic efficiency is achieved by using the AuHNCs (30.2%) compared to the solid Au nanocubes (11.4%).

1. Introduction

Ammonia is the second most produced chemical in the world. The
global production of ammonia approached ~146 million metric tons in
2015 and is projected to rise by 40% in 2050 [1,2]. Ammonia based
fertilizers aid in increasing the food supply for the growing global po-
pulation (~10 billion by 2050) [3]. Ammonia can also play a major role
in the development of a clean transportation sector and can be utilized
directly in ammonia fuel cells or indirectly in hydrogen fuel cells. Using
state of the art carbon fiber storage tanks, it takes 700 bar pressure to
achieve a volumetric energy density of 5.3 GJm-3 for hydrogen. With
ammonia, liquefaction is achieved under 10 bar pressure and yields
13.6 GJ m-3 energy density. Ammonia can be a superior energy carrier
of hydrogen compared to other conventional fuels (e.g., the hydrogen
content in liquid ammonia is 17.6 wt% compared with 12.5 wt% for
methanol) [4,5]. Thus, sustainable ammonia production lies at the
nexus of food-energy chemistry.

The fixation of nitrogen to ammonia is a complex multi-step reac-
tion, due to the high bonding energy of diatomic nitrogen (N≡N bond
energy of 940.95 kJmol-1) [6]. Currently, ammonia synthesis is heavily
dependent upon the Haber-Bosch process, which converts nitrogen and
hydrogen to ammonia (N2 +3H2 → 2NH3). This process is energy-in-
tensive (> 600 kJmol-1 ammonia), requiring high operating tempera-
tures and pressures (150–350 atm, 350–550 °C). In the Haber-Bosch
process, all of the hydrogen gas is produced by the steam reformation of
natural gas (CH4 + 2H2O→4H2 + CO2). This consumes 3–5% of the
global natural gas supply and is responsible for 450 million metric tons
of CO2 emission annually [7,8]. This mandates an alternative approach
for sustainable and scalable ammonia synthesis under ambient condi-
tions that can alleviate extreme condition requirements. Electro-
catalytic fixation of nitrogen is a form of artificial synthesis that mimics
the natural nitrogen enzymatic process [9]. The electrochemical ni-
trogen reduction reaction (NRR) enables the decentralized production
of ammonia at ambient conditions from N2, H2O, and electricity, which
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can be provided through renewable energy sources (e.g., solar) that are
readily available from the environment [10,11]. To date, few studies
have been carried out to explore the fixation of nitrogen to ammonia
using various electrocatalytic approaches [12–16]. Unfortunately, in
most of these studies, the ammonia yield and faradaic efficiency were
too low to be practical for fertilizer production, mainly due to the
stability of the N2 triple bond and to intrinsic competition with the
hydrogen evolution reaction (HER). Furthermore, using molten salt
systems and electrochemical lithium cycling strategy results in higher
ammonia yield and faradaic efficiency; however, they are not en-
ergetically efficient and require high temperatures [17,18]. Developing
an efficient heterogeneous electrocatalyst to remarkably increase the
rate of ammonia production and faradaic efficiency through an energy
efficient and environmentally friendly technique is vital in energy and
agriculture-based industries.

Previous theoretical and experimental studies have shown the
greater performance for electrochemical NRR using Au as an electro-
catalyst [19–21]. It was proved that NRR on Au surfaces follows an
associative mechanism in which the breaking of the triple bond of N2

and the hydrogenation of the N atoms occur simultaneously [19].
Furthermore, the greater rate of NRR on gold surfaces than on the
surfaces of other electrocatalysts is due to its multifaceted Au surfaces,
composed of various active sites for N2 adsorption and reduction
[20,21]. The selectivity of N2 molecules on the surface of nanocatalysts
has been demonstrated to be one of the major challenges in electro-
chemical NRR [22,23]. Here, we aim to enhance the rate of electro-
chemical NRR under ambient conditions, notably using hollow Au na-
nocages (AuHNCs) as an effective electrocatalyst. Using AuHNCs, the
highest ammonia yield and faradaic efficiency are achieved which are
greater than the highest reported values in the literature in aqueous
solution under room temperature (20 °C) and atmospheric pressure
(Table S2). The catalytic efficiency of AuHNCs are compared with si-
milar concentrations of solid Au nanocubes (AuNCs), nanospheres
(AuNSs), and nanorods (AuNRs) to prove that the enhanced rate of NRR
using hollow nanocages is due to the increased surface area and the
confinement of reactants in the cavity (cage effect).

In nanocatalysis by solid nanoparticles, the catalytic reaction occurs
by involving the atoms from the outer surface of the nanocatalyst, while
for hollow nanocatalysts the reaction occurs at both the outer and inner
surfaces [24–31]. Therefore, the reaction is accelerated in the hollow
nanocatalyst because it has a larger active surface area. Reactions in the
cavity of the hollow nanocatalyst are facilitated by the confinement of
the reactants in the cage (cage effect), which could increase the steady-
state concentration of the species in the rate-determining step of the
reaction. Additionally, in some cases, the inner surface might not be as
well capped with the capping agent as the outer surface and may thus
be more catalytically active. In this case, the rate of the reaction in-
creases due to the confinement of the reactants inside the cage [32–34].

2. Results and discussion

Here, AuHNCs are prepared from a silver solid nanocube (AgNC)
template by the galvanic replacement technique [30,35,36]. In this
method the sacrificial metal template (i.e., Ag) is replaced with the
nanocage metal (i.e., Au) if the oxidation potential of the metal tem-
plate is higher than that of the nanocage metal. The replacement of
three Ag atoms of the template with one Au atom (3Ag(s) +AuCl4- (aq.)
→ Au(s) + 3Ag+(aq.) + 4Cl-(aq.)) creates a hollow structure with holes at
the wall and corners of the nanocage. The size of the AuHNCs is tuned
by varying the size of the AgNCs. AgNCs with localized surface plasmon
resonance (LSPR) at 429 nm are prepared by a modified polyol reduc-
tion method (Fig. 1A). The AgNCs are then washed with acetone,
centrifuged (10,000 rpm, 10min) and dispersed in DI water. Hydrogen
tetrachloroaurate (0.5 mM) in DI water is injected into the AgNC so-
lution under vigorous stirring (600 rpm) until the peak LSPR spectrum
of the solution shifts to 660 nm (Fig. 1A). The X-ray diffraction (XRD)

pattern of AuHNCs deposited on the Si substrate is composed of various
surface index facets that provide active sites for electrochemical NRR
(Fig. 1B). The average edge length of AuHNCs is 35 nm, obtained from
transmission electron microscopy (TEM) analysis (Fig. 1C, D).

Electrochemical NRR experiments are conducted in H-type cells
where anodic and cathodic compartments are separated by a proton
conductive cation exchange membrane (Fig. 2A). The electrolyte is
0.5 M LiClO4 aqueous solution (Detailed information about the elec-
trochemical measurement is provided in the Supporting information).
Perchlorate anion (ClO4

-) is selected for NRR due to the minimal and
unselective adsorption of the ClO4

- on the low index facets of Au na-
noparticles surface [37]. Li+ is selected for its superior ability to acti-
vate N2 at ambient conditions [16,18]. The primary reaction at the
anodic compartment is:

→ + +
+ −3H O 3

2
O 6H 6e2 2 (1)

where water is oxidized to produce oxygen gas and protons ( +H ). The
protons produced at the anode are transported through the proton
conductive membrane to the cathode part where supplied N2 gas and
protons will produce NH3:

+ + →
+ −N 6H 6e 2NH2 3 (2)

The overall reaction is:

+ → +N 3H O 2NH 3
2
O2 2 3 2 (3)

Linear sweep voltammetry (LSV) tests are performed in an Ar and
N2 saturated environment to qualitatively distinguish between HER and
NRR (Fig. 2B). As the potential moves below− 0.4 V vs. RHE, a notable
enhancement in current density is observed under the N2 saturated
environment. This is attributed to the reaction between AuHNCs as a
cathodic electrocatalyst and N2 to produce NH3. The greatest difference
in the LSV curves of N2 and Ar saturated environments is found at the
potential between − 0.4 V to − 0.8 V vs. RHE, at which it is expected
that the highest NRR activity in this potential range will be achieved.
Moving toward potentials more negative than − 0.8 V vs. RHE yields
no further difference in current density between Ar and N2 (Fig. 2B).
This indicates that HER is the only reaction at the cathode. Chron-
oamperometry (CA) tests at a series of potentials are conducted to de-
termine the ammonia yield rate and Faradaic efficiency (Fig. 2C, Fig.
S1). The calibration curve for the ammonia assay using the Nessler
reagent is shown in Fig. S2. The electrochemical NRR obtains higher
selectivity within the potential range of − 0.4 V to − 0.6 V vs. RHE,
with the highest ammonia yield rate (3.98 µg cm-2 h-1) at − 0.5 V and
Faradaic efficiency (30.2%) at− 0.4 V. Although in this potential range
(− 0.4 V to − 0.6 V), the ammonia yield rate increases as the negative
applied potential increases, Faradaic efficiency decreases, which is at-
tributed to the compromise between increasing current density and
competitive selectivity toward HER rather than NRR. It is known that H
atoms occupy the active sites on Au that prevents N2 adsorption and
reduction on the catalytic surface [21,38]. At negative applied potential
below − 0.6 V, both ammonia yield rate and Faradaic efficiency de-
crease considerably (ammonia yield rate: 1.54 µg cm-2 h-1, Faradaic
efficiency: 1.1% at − 0.8 V vs. RHE), which suggests that HER is the
dominant reaction at the cathode (Fig. 2C). To evaluate the durability
of AuHNCs, CA tests are performed at− 0.4 V vs. RHE for 5 consecutive
cycles, each for 12 h. (Fig. S3). The electrocatalyst shows an excellent
stability with a minor decrease in ammonia yield rate and Faradaic
efficiency (93.8% performance retention) after the 5th recycling tests
(Fig. 2D).

To further verify the electrochemical NRR activity using AuHNCs,
extensive control experiments are carried out with Ar gas and with no
potential applied to the electrodes under N2 gas (open circuit voltage).
Under conditions similar to those in Fig. 2C, except using Ar gas instead
of N2 and with N2 but no potential applied, significantly smaller
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amounts of NH3 yield are achieved (Fig. S4). This confirms that the
results with the N2 gas under applied potential are not due to the
sources of contamination (e.g., laboratory, equipment, membrane). The
formation of ammonia during the electrochemical NRR experiments is
further validated by surface-enhanced Raman spectroscopy (SERS)
[39,40]. Here, the solution collected from the electrochemical experi-
ment, which showed the highest ammonia Faradaic efficiency (− 0.4 V
vs. RHE at 20 °C), was mixed with AuNCs, and the SERS spectrum was
collected under 785 nm laser excitation (Fig. S5). We also conducted a
control experiment, where we collected the SERS spectrum for 0.5 M
LiClO4 under the same operating condition, as the SERS band corre-
sponds to the ligand molecules on the AuNCs surface; as well, LiClO4

could possibly interfere with the Raman features of ammonia. In
comparison to the SERS spectra collected from the control experiment,
a new Raman band at 3062 cm-1 appeared for the sample analyzed after
the electrochemical experiment, which is attributed to the NH4

+

moiety present in the electrolyte [41,42]. This was further validated by
collecting the Raman spectrum from crystalline NH4F, which showed a
corresponding mode of vibration for NH4

+ at around 3075 cm-1. The
observed shift in the Raman band corresponds to NH4

+ in SERS spec-
trum in comparison to the normal Raman spectrum could be attributed
to the plasmon-enhanced electromagnetic field effect as well as the
modifications in the adsorption (physisorption and chemisorption)

orientation of these molecules at the nanoparticle surface. This result
points towards the fact that ammonia formed during the electro-
chemical experiment largely exists as ammonium ions (NH4

+) in the
electrolyte. Furthermore, 1H NMR spectra obtained from the sample in
the NRR experiment lie at a chemical shift of triplet coupling of 14N2

similar to that of standard 14NH4
+ samples (J-coupling : 52 Hz), which

further confirms that the ammonia formation is solely originated from
N2 (Fig. S6). The ammonia production at − 0.4 V vs. RHE at 20 °C
quantified from the 1H NMR analysis is 38.6 µM (see calibration curve
in the SI, Fig. S6). This is compared with 41.5 µM of ammonia, mea-
sured by UV–Vis spectra using Nessler's test.

By increasing the concentration of AuHNCs from 0.9 µgmL-1 to
1.8 µgmL-1 (Fig. S7) on the ITO substrate (1 cm2) at − 0.5 V vs. RHE,
both the ammonia yield rate and the Faradaic efficiency increase from
1.88 µg cm-2 h-1 and 3.12% to 3.98 µg cm-2 h-1 and 14.8% (Fig. 3A, Fig.
S8). This is due to the increase in the number of nanoparticles parti-
cipating in the NRR, which results in an increase in the total active
surface area on the substrate. By increasing the electrochemical NRR
temperature from 20 °C to° 50 °C at− 0.4 V vs. RHE, the ammonia yield
rate and Faradaic efficiency increase from 2.35 µg cm-2 h-1 and 30.22%
to 2.82 µg cm-2 h-1 and 40.55% (Fig. 3B, Fig. S9). Based on the Ar-
rhenius equation, the reaction rate increases exponentially with the
temperature (See the Supporting information for the rate constant and

Fig. 1. A) UV–vis extinction spectra of the AgNCs and AuHNCs, the photograph shown in the inset is AuHNCs dispersed in DI water. B) XRD pattern of AuHNCs
deposited on Si substrate. C) and D) are the TEM images of AuHNCs with different magnifications. The average edge length of the AuHNCs is 35 nm.
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activation energy calculation). The mass transport rate is faster at
higher temperatures, while the N2 solubility decreases at higher tem-
peratures. For these experiments, faster kinetics plays a major role in
enhancing the NRR rate at higher temperatures. The ammonia yield

rate and Faradaic efficiency can be further enhanced by using ionic
liquids (e.g., [C4mpyr][eFAP]) that offer significantly higher N2 solu-
bility compared to the aqueous solution [43].

To further investigate the cage effect using AuHNCs, the NRR rate is

Fig. 2. A) Schematic of electrochemical cell for NRR. The anode and cathode compartments are separated by a cation exchange membrane (CEM). B) Linear sweep
voltammetry tests in an Ar and N2 saturated environment in 0.5M LiClO4 aqueous solution under ambient conditions. C) Ammonia yield rate and faradaic efficiency
at various potentials in 0.5M LiClO4 at 20 °C, D) Cycling stability results of ammonia yield rate on AuHNCs. For each cycle CA test was carried out at− 0.4 V vs. RHE
in 0.5M LiClO4 at 20 °C.

Fig. 3. A) Ammonia yield rate and faradaic efficiency of AuHNCs at various concentrations at − 0.5 V vs. RHE in 0.5M LiClO4 aqueous solution under ambient
conditions. B) Ammonia yield rate and faradaic efficiency of AuHNCs at various temperatures at − 0.4 V vs. RHE in 0.5M LiClO4 aqueous solution.
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evaluated using solid Au nanoparticles of various shapes (i.e., rods,
spheres, cubes) with similar nanoparticle concentrations (see
Supporting information for the detailed calculation of nanoparticle
concentration). The LSPR of AuNSs and AuNCs lies at 535 nm and two
plasmon peaks for AuNRs are observed which are attributed to the
transverse (512 nm) and longitudinal (746 nm) modes (Fig. 4A). The

average diameter and edge length of AuNSs and AuNCs, respectively
are 35 nm while AuNRs have an average length and width of 42 nm and
12 nm as obtained from TEM images (Fig. 4B–D). The ammonia yield
rate and Faradaic efficiency are significantly lower using solid Au na-
noparticles compared to the AuHNCs (Fig. 4E, Fig. S10). The lowest
ammonia yield rate and Faradaic efficiency are obtained for AuNRs

E

Fig. 4. A) UV–vis extinction spectra of AuNSs, AuNCs, and AuNRs, B), C), and D) are the TEM images of AuNSs, AuNRs, and AuNCs, respectively. E) Ammonia yield
rate and Faradaic efficiency for nanoparticles of various types and shapes at the potential of − 0.4 V vs. RHE in 0.5M LiClO4 aqueous solution.
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(0.99 µg cm-2 h-1, 10.69%). A minor increase in the NRR rate is ob-
served using AuNSs (ammonia yield rate: 1.19 µg cm-2 h-1, Faradaic
efficiency: 11%) and AuNCs (ammonia yield rate: 1.27 µg cm-2 h-1,
Faradaic efficiency: 11.35% for AuNCs). This is in accordance with our
previous findings, which suggest that nanoparticles with sharper edges
and corners yield higher catalytic activity [32]. This is due to the in-
creased number of valency-unsatisfied surface atoms (atoms that do not
have the full number of bonds that they can chemically accommodate)
in nanoparticles with sharper edges, providing more active sites for
catalytic reaction than smoother nanoparticles [32]. The significant
enhancement in the NRR rate using AuHNCs is attributed to the en-
trapment of N2 molecules within the cavity, as these likely experience
high frequency collisions with the hollow Au interior surface of the
cages. This increases the residence time of N2 molecules on the nano-
particle inner surface, which facilitates the conversion of N2 to NH3. In
addition, the presence of less capping material (i.e., poly-
vinylpyrrolidone (PVP)) on the inner surface than the outer surface of
the AuHNCs can enhance the NRR catalytic activity.

3. Conclusion

Electrocatalytic activity of NRR under ambient conditions was stu-
died using AuHNCs as an effective electrocatalyst in 0.5M LiClO4

aqueous solution. The highest ammonia yield rate (3.9 µg cm-2 h-1) is
achieved at − 0.5 V vs. RHE, while the highest ammonia Faradaic ef-
ficiency (30.2%) is obtained at − 0.4 V vs. RHE using AuHNCs. At
higher applied potentials, both ammonia yield rate and Faradaic effi-
ciency decrease due to the intrinsic competition between NRR and HER.
By increasing the electrochemical operating temperature from 20 °C to
50 °C at − 0.4 V vs. RHE, the ammonia yield rate and Faradaic effi-
ciency were improved to 2.82 µg cm-2 h-1 and 40.55% from 2.35 µg cm-2

h-1 and 30.2%, which is attributed to the faster mass transport rate. By
increasing the concentration of AuHNCs from 0.9 µgmL-1 to 1.8 µgmL-1

on the ITO substrate, the ammonia yield rate and Faradaic efficiency
increased from 1.88 µg cm-2 h-1 and 3.12% to 3.98 µg cm-2 h-1 and
14.8% at − 0.5 V vs RHE. It was demonstrated that due to the increase
in the surface area, the higher number of successful collisions of re-
actants with the interior Au surface in the cavity (cage effect), and
presence of less capping materials inside the cavity, AuHNCs offer su-
perior electrocatalytic activity (three-fold enhancement) compared to
the solid nanoparticles with the same concentration.

The unique electrocatalytic activity of AuHNCs in NRR can open a
new avenue for clean and sustainable ammonia electrosynthesis from
N2 and water under ambient conditions with high ammonia yield rate
and Faradaic efficiency.

4. Experimental section

4.1. Nanoparticle Synthesis

4.1.1. Preparation of AgNCs and AuHNCs
Hollow gold nanoparticles with cubic shape are prepared by the

galvanic replacement method using cubic silver nanoparticles as a
template. Silver nanocubes (AgNCs) are prepared by a modified polyol
reduction of AgNO3. In a 100mL round-bottomed flask, 35mL of an-
hydrous ethylene glycol (EG) is stirred at 400 rpm and heated at 150 °C
for 1 h in an oil bath. After 1 h heating of the EG, 0.35 gr of poly-
vinylpyrrolidone (PVP, MW ~ 55000) dissolved in 5mL EG is added at
once to the reaction mixture. The temperature of the reaction mixture is
then increased gradually until it reaches 155 °C. At this temperature,
0.4 mL of 3mM solution of sodium sulfide (Na2S·9H2O) in EG is added
5min after the addition of PVP. The solution of sodium sulfide must be
prepared an hour before injection into the reaction mixture. Finally,
0.25 g of AgNO3 dissolved in 5mL of EG is added at once with stirring
set to 200 rpm until the color changes from brownish yellow to pale
yellow. Then the stirring and heating are stopped and the solution

temperature is allowed to decrease to room temperature. To clean the
AgNCs solution from the byproducts, extra PVP, and organic solvents,
20mL of the AgNCs solution is diluted with 20mL of acetone and
centrifuged for 10min at 10,000 rpm. The precipitated AgNCs are dis-
persed in the solution of 0.01 g PVP dissolved in 100mL of DI water. To
prepare AuHNCs, the cleaned AgNCs solution in DI water is heated and
brought to boiling. Then, HAuCl4 (0.2 g L-1) in DI water is injected to
the AgNC solution under vigorous stirring (600 rpm) until the peak
LSPR spectrum of the solution shifts to 660 nm. The solution is refluxed
for 2min with stirring until the LSPR remains fixed. The solution is
cooled down and centrifuged at 10,000 rpm for 10min. The pre-
cipitated nanoparticles are dispersed in DI water for future use.

4.1.2. Preparation of AuNSs
AuNSs are prepared by the reduction of HAuCl4·3H2O using PVP

(MW ~ 10,000) that acts as both a capping and a reducing agent. In a
150mL flask, 100mL of 0.085mM HAuCl4 in DI water is heated and
brought to boiling. Under 500 rpm stirring, 0.65 g PVP is added. The
reaction is allowed to proceed until the solution turns to red color and
the LSPR peak becomes narrow. The solution is cooled down and cen-
trifuged at 10,000 rpm for 10min. The precipitated nanoparticles are
dispersed in DI water for future use.

4.1.3. Preparation of AuNCs
AuNCs are prepared using a modified surfactant-directed seed-

mediated approach [44]. The seed particles are prepared using 7.75mL
of solution containing 7.50mL of 0.1M cetyltrimethylammonium bro-
mide (CTAB) and 0.25mL of 0.01M HAuCl4 in DI water. Next, 0.6 mL
of an ice cold 0.01M NaBH4 solution is added to the initial solution for
the subsequent reduction of gold ions. The resulting solution is stirred
for 2min and remains undisturbed for an hour before use. The seed
solution is then diluted 10 times with DI water. To prepare the growth
solution, 4mL of DI water, 0.8 mL of 0.1 M CTAB, and 0.1mL of 0.01M
HAuCl4 are mixed thoroughly. A 0.6 mL of 0.1 M ascorbic acid is added
to the growth solution and mixed thoroughly until the solution turns
colorless. Finally, 2.5 µL of the diluted seed solution is added to the
growth solution and the reaction vessel is allowed to sit overnight. The
AuNCs are centrifuged two times at 10,000 rpm for 10min. The pre-
cipitated AuNCs are dispersed in DI water for future use.

4.1.4. Preparation of AuNRs
AuNRs are synthesized by the modified seed-mediated protocol

[45]. Briefly, the seed nanoparticles are prepared by adding 0.25mL of
HAuCl4 (0.01M) to 7mL of CTAB (0.1 M) followed by the addition of
0.01M of ice-cold NaBH4 (0.6 mL) solution in DI water. This solution is
stirred for 2min and left undisturbed for 1 h. In the subsequent step,
1 mL of seed solution is added to the growth solution, which is prepared
by mixing 100mL of CTAB (0.1M) with 4.25mL of HAuCl4 (0.01M),
0.625mL of AgNO3 (0.01M), and 0.675mL of ascorbic acid (0.1M).
After the addition of the seed solution, the entire solution is kept un-
disturbed for 12 h. The resultant AuNRs are purified by centrifugation
(10,000 rpm for 10min) and redispersed in DI water.

4.2. Electrochemical measurement

In order to prepare a working electrode (cathode), 300 µL of na-
noparticles of known concentration and 1.5 µL of nafion solution (5%
wt.) were sonicated and dropped onto a indium tin oxide (ITO) (1 cm
× 1 cm) and then dried under N2 atmosphere at 75 °C for 45min.
Electrochemical measurements were carried out at 20 °C, 35 °C, and
50 °C in the water bath in 0.5 M LiClO4 electrolyte (40mL, each side)
using a CHI instrument potentiostat (CHI, 700D) in the three-electrode
setup. Pt mesh (1 cm × 1 cm) and Ag/AgCl reference electrode (3M,
BASi, USA) were used as counter and reference electrodes. CEM was
used to separate the anodic and cathodic compartments while protons
produced at the anode can transport across the membrane to the
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cathode side where NRR occurs.
The measured potentials vs. Ag/AgCl are iR-compensated and con-

verted to the reversible hydrogen electrode (RHE) scale based on the
following equation:

= + +E E RT
F

PH E2.3
RHE Ag AgCl Ag AgCl

o
/ / (4)

where ERHE is the converted potential vs. RHE, EoAg/AgCl=0.2027 at
20 °C with the slope of − 1.01mV/oC, EAg/AgCl is the experimentally
measured potential against Ag/AgCl reference electrode, R is the gas
constant (8.314 Jmol-1 K-1), and T is the operating temperature (K).
The electrolyte is fed with N2 or Ar gas for 2 h before starting the
measurement at the flow rate of 20mLmin-1.
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