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ABSTRACT: An electrochemical nitrogen reduction reaction (NRR) could provide
an alternative pathway to the Haber—Bosch process for clean, sustainable, and
decentralized NH; production when it is coupled with renewably derived electricity
sources. Developing an electrocatalyst that overcomes sluggish kinetics due to the
challenges associated with N, adsorption and cleavage and that also produces NH;
with a reasonable yield and efficiency is an urgent need. Here, we engineer the size
and density of pores in the walls of hollow Au nanocages (AuHNCs) by tuning their
peak localized surface plasmon resonance (LSPR); in this way, we aim to enhance
the rate of electroreduction of N, to NH;. The interdependency between the pore
size/density, the peak LSPR position, the silver content in the cavity, and the total
surface area of the nanoparticle should be realized for further optimization of hollow
plasmonic nanocatalysts in electrochemical NRRs.
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S ustainable ammonia production is vital for global conditions. This approach can provide an alternative pathway
population growth due to ammonia’s wide use as a to the Haber—Bosch process for clean, sustainable, and
fertilizer in agriculture.” The global production of ammonia distributed ammonia synthesis as well as the storage of surplus
was 146 million tons in 201$ and is estimated to increase by renewable energy in the form of NH, fuel at times of excess

40% in 2050.° Additionally, ammonia, as a carbon-neutral
liquid fuel, can be utilized for the development of a clean
transportation sector. Ammonia can be used directly in alkaline
fuel cells (AFCs) or indirectly as an H, source in proton
exchange membrane fuel cells (PEMFCs).”® Ammonia can be
a substitute for H, as a combustion fuel with superior
advantages in terms of energy density, ease of liquefaction, and

supply in the grid.”'® Electrification of ammonia synthesis in a
large scale requires an effective electrocatalyst that converts N,
to NH, with a high yield and Faradaic efficiency (FE). To date,
most studies have shown low electrocatalytic activity and
selectivity for NH; production mainly due to the high energy
required for N=N cleavage and to competition with the

high hydrogen content (i.e., 17.6 wt %). The volumetric energy hydrogen evolution reaction (HER).''""® Furthermore, the
density of ammonia is 13.6 GJ m~> (~10 atm at 298 K), which use of molten salt systems and the electrochemical lithium
is compared with 5.3 GJ m™ for hydrogen at 700 bar cycling strategy aid in increasing the ammonia yield and FE;
pressure.’ however, these strategies are not energetically efficient and

Conventional ammonia synthesis mainly relies on the require high temperatures (e.g, 450 °C).'”'” Recently,
Haber—Bosch process, which converts N, and H, to NHj at remarkably higher catalytic efficiency for the electrochemical
high operating pressures (150—250 bar) and temperatures nitrogen reduction reaction (NRR) was achieved under

(350—550 °C) over iron-based catalysts.” The extreme
condition requirements for this process necessitate high-cost
demands for centralized infrastructure that should be coupled
with the global distribution system. Additionally, this process
consumes 3—5% of the global natural gas supply and 60% of
global hydrogen production and emits 450 million metric tons
of CO, annually.”

As the cost of renewably derived (e.g., solar and wind)

ambient conditions using various electrocatalytic strat-
egies.'"™** The main objective of these studies was to improve
the selectivity of N, on the electrocatalyst’s surface by
confining N, molecules,””** enhancing the electric field at
the tip of the electrocatalyst,"® and using ionic liquid with a
specified water content as a proton source.”’
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Figure 1. (A) UV—vis extinction spectra of AgNCs and AuHNCs with various peak LSPR values; the photograph shown in the inset is AuHNCs
dispersed in DI water. (B—D) TEM images of AuHNCs with peak LSPR values at 635, 715, and 795 nm, respectively. The inset of each image is

the magnified TEM image of a nanoparticle.

Table 1. Au and Ag Concentrations and Au and Ag Content (atom %) of Nanoparticles Determined by ICPES”

catalyst Au conc. (ug mL™") Ag conc. (ug mL™")
AuHNCs-635 1.20 2.44
AuHNCs-715 391 3.45
AuHNCs-795 5.40 295

Au content (mass %)

Au content” (atom %) ECSA,, (m? g™")

33.0 212 23.4
53.1 38.3 26.6
64.7 50.1 18.3

“The ECSAs of nanoparticles are determmed based on the reduction peak of Au oxide during CV measurement in an Ar-saturated 0.1M LiOH

solution at a scan rate of 50 mV s~
g mol™") and Ag (107.87 g mol~ 1)

The atomic content is calculated using Au and Ag concentrations divided by the molar masses of Au (196.97

Gold (Au) has been known as one of the best catalysts for
the electrochemical NRR through an associative mechanism
where breaking of the triple bond of N, and hydrogenation of
the N atoms occur simultaneously.”~*” It has been shown that
N, adsorbs on the Au surface with further hydrogenation to
form adsorbed N,H, species (1 < x < 4), where the rate-
determlmn§ step is N, dissociation (reduction of N,* to form
NNH*) 23,24

In our previous study, we showed that nanoscale confine-
ment of N, enhances selectivity and electrocatalytic activity
compared to that of solid Au nanoparticles of various shapes
(i.e., cube, sphere, and rod) when the confinement takes place
near the electrocatalyst’s surface and when it uses hollow Au
nanocages (AuHNCs) that have an average edge length of 35
nm and that have geak localized surface plasmon resonance
(LSPR) at 660 nm.”* Here, we aim to find the optimum pore
size and density in the walls of AuHNCs in order to further
enhance the rate of electroreduction of N, to NHj. This can be
accomplished by tuning the peak LSPR of Au nanoparticles.
We study the interconnectedness between the pore size/
density, the peak LSPR position, the presence of Ag in the
interior surface of hollow Au nanostructures, and the active
surface area in order to boost the rate of electrochemical NRR.

AuHNCs with various peak LSPR values (i.e., 635, 715, and
795 nm) are prepared by adding hydrogen tetrachloroaurate
(0.5 mM HAuCl,(aq)) in solid Ag nanocubes (AgNCs) that
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are dlspersed in DI water using the galvanlc synthetic
method.”*™** By increasing the amount of Au** ions added
to the AgNC template with the initial peak LSPR position at
445 nm, the core Ag atoms are etched and the resulting peak
LSPR of AuHNCs red shifts (Figure 1A).

The first stage of this synthesis after adding Au** to the
template solution is the formation of nanoboxes with walls
composed of Ag—Au alloy at the peak LSPR value of 635 nm
(Figure 1B). As more Au’* is added to the boxlike AuHNC
solution, the dealloying process of Ag atoms from the Ag—Au
walls is initiated. Numerous pores are formed at the walls and
corners of AuHNCs at the peak LSPR value of 715 nm (Figure
1C). By further adding Au®* to the porous AuHNCs, the pore
size increases while the pore density decreases, and the peak
LSPR value red shifts to 795 nm (Figure 1D). By shifting the
peak LSPR value from 635 to 715 nm, the small peak at around
445 nm disappears, which indicates the removal of Ag from the
interior surface of the cavity (Figure 1A).

The Au and Ag concentrations of all synthesized nano-
particles are determined by inductively coupled plasma
emission spectroscopy (ICPES). It is observed that the Au
content (mass %) in the nanoparticles increases from 33.0 to
64.7 as the peak LSPR position shifts from 635 to 795 nm
(Table 1). In addition, the electrochemical surface areas
(ECSAs) of nanocages are determined in the three-electrode
setup by performing cyclic voltammetry (CV) in an Ar-
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saturated 0.1 M LiOH solution at a scan rate of 50 mV s,
The ECSA,, is calculated from the reduction peak of Au oxide
(~1.2 V vs RHE) after double-layer correction and a charge
density of 386 uC cm™?,, (Figure 2 and Table 1). AuHNCs-

[10 uA cm? Scan rate = 50 mV s!
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~
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~0f Ag oxide

Current density (pA cm?)
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Figure 2. CVs of AuHNCs with various peak LSPR values in an Ar-
saturated 0.1 M LiOH aqueous solution at a scan rate of 50 mV s™".
The CV measurements were conducted in the rotating disk electrode
(RDE) setup at a rotation rate of 1500 rpm at room temperature. The
observed shift in decreasing the reduction potential of Au oxide
(~0.15 V) when LSPR red shifts from 635 to 795 nm is attributed to
the dealloying process by removal of Ag in the cavity. The second
peak in the reduction segment of the CV curve corresponds to the
reduction of Ag oxide. The intensity of the peak is proportional to the
Ag concentration, which is the highest for AuHNCs-718.

715 has the highest ECSA,, (26.6 m* g™'), while AuHNCs-
795 has the lowest ECSA,, (18.3 m* g™!). Although AuHNCs-
795 has the highest Au concentration among all nanoparticles

(Table 1), it has the lowest ECSA,,. This is attributed to the
simultaneous reduction of Au and Ag atoms in the final stage
of synthesis when the LSPR red shifts from 715 to 795, which
changes the porosity of the nanocages and increases the void
size. The smaller peak observed for the reduction of Au oxide
compared to previous studies’”’’ is due to the significantly
smaller Au loading (e.g., 0.19 ugs, cm ™% for AuHNCs-715),
which is necessary when economic feasibility of using this
electrocatalyst for ammonia synthesis is investigated.

An H-type cell, in which anodic and cathodic compartments
are separated by a proton exchange membrane, was set up to
carry out electrochemical NRR.*” The electrolyte is the 0.5 M
LiClO, aqueous solution. Thermodynamically, the NRR
occurs at approximately the same potential as the HER
(E°gue = 0.05 V for NRR and 0 V for HER). Using a Li* cation
is beneficial due to its strong ability to activate N, at ambient
conditions and retard the HER process.'**' Water oxidation is
the primary reaction at the anode, and N, gas is purged to the
cathode, where the protons produced by water oxidation are
transported from the anode to the cathode side through the
proton exchange membrane, after which they react with N,
and produce NH;.

Linear sweep voltammetry (LSV) tests are carried out in Ar-

and N,-saturated electrolyte to evaluate the selectivity
Ly — 1
B % 100) of AuHNCs with various values

performance (
Iy,

of peak LSPR toward NRR. The Faradaic current is obtained
by subtracting the capacitive current from the actual current
recorded from LSV tests. For all electrocatalysts, the current
density differs between Ar and N, within the potential window
of —0.3 to —0.6 V vs RHE (Figure 3A). Beyond this potential
window, the HER is the dominant reaction. The highest
selectivity toward the NRR (65.3% at —0.4 V vs RHE) is
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Figure 3. (A) LSV tests of AuHNCs with peak LSPRs at 635, 715, and 795 nm in an Ar- and N,-saturated 0.5 M LiClO, aqueous solution under
ambient conditions with a scan rate of 10 mV s™. (B) CA results of AuHNCs with various peak LSPRs at —0.4 V vs RHE in a N,-saturated 0.5 M
LiClO, aqueous solution. (C) Ammonia yield rate and FE for AuHNCs with various peak LSPR values at a potential of —0.4 V vs RHE in 0.5 M
LiClO,. (D) UV—vis absorption spectra of a N,- and Ar-saturated 0.5 M LiClO, aqueous solution after electrolysis at —0.4 V vs RHE for 12 h using

Nessler’s test for AuHNCs with various peak LSPRs.
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Figure 4. (A) CA results of AuHNCs-715 nm at a series of potentials. (B) Ammonia yield rate and FE at various potentials in a 0.5 M LiClO,
aqueous solution. (C) CA tests for the stability of the AuHNCs-715 nm at —0.4 V vs RHE in a 0.5 M LiClO, aqueous solution. For each cycle, a
CA test was carried out at —0.4 V vs RHE for 12 h. (D) Cycling stability results of the ammonia yield rate and FE on AuHNCs-715 nm. For each

cycle, a CA test was carried out at —0.4 V vs RHE in 0.5 M LiClO,.

achieved using AuHNCs-715. This is compared with 48.7 and
27.4% at —0.4 V vs RHE for AuHNCs-635 nm and AuHNCs-
795 nm. The complete selectivity performance of electro-
catalysts at three different potentials is provided in the
Supporting Information (Table S1). The highest N, selectivity
for AuHNCs-71S is attributed to the compromise between the
pore size, the active surface area of the nanoparticle, and the
Ag content in the cavity of AuHNCs. Although by increasing
the pore size the active surface area of the nanoparticle
decreases, the presence of Ag in the cavity of AuHNCs with
smaller pore sizes (i.e., AuHNCs-635) decreases the selectivity
of an electrocatalyst toward NRR, as Ag enhances H, evolution
(Table 1). It is noted that all electrochemical experiments are
conducted in an O,-free environment to avoid the formation of
Ag,0 in the cavity. As the NRR primarily happens within the
cavity, the AuHNCs that have smaller pore size but that have
Ag within the cavity (AuHNCs-635) result in lower selectivity
for NRR compared with AuHNCs that have bigger pore size
but do not have Ag in the cavity (AuHNCs-715). Further
increasing the pore size decreases the NRR selectivity due to
both the decrease of the surface area and the ineflicient
confinement of reactants within the cavity (AuHNCs-795).
The pore size should be engineered so that reactants can
diffuse in and products can diffuse out of the cavity while not
losing the surface area notably due to the increase in the pore
size in the walls of the nanocages. Therefore, the optimization
of the pore size plays a crucial role in confining the reactants in
the small region within the cavity and increasing their collision
frequency with the interior surface of the electrocatalyst.
Chronoamperomtry (CA) tests are conducted at —0.4 V vs
RHE to evaluate electrocatalytic activity and to determine the
ammonia yield rate and FE for AuHNCs-635, AuHNCs-718,
and AuHNCs-795 (Figure 3B). The highest ammonia yield
rate (3.74 pug cm™> h™') and FE (35.9%) are achieved using
AuHNCs-715, while the lowest ammonia yield rate (0.87 ug
em™ h™!) and FE (8.2%) are obtained for AuHNCs-795
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(Figure 3C). This is in line with the trend of the selectivity
performance of electrocatalysts for NRR (Figure 3A). A small
amount of NHj; is detected (~0.34 ug cm™ h™', ~9% N, gas)
when N, gas is replaced with Ar under the same applied
potential using AuHNCs-71S, which indicates that the
majority of NHj in these experiments originated from the N,
source (Figure 3D). Hollow Au nanospheres (AuHNSs) with
peak LSPR values and electrolysis operating conditions similar
to those of AuHNCs (Figure 3C) are evaluated for
electrochemical NRR (Figures S2 and S3). The same trend
as that for AuHNCs but lower electrocatalytic activity for NRR
is observed using AuHNSs. The highest ammonia yield rate
(277 pg em™ h7') and FE (29.3%) are achieved using
AuHNSs-7185; these values are lower than those for AuHNCs-
715 (3.74 ug cm™> h™", FE = 35.9%) (Figures S4 and SS). This
could be attributed to small variations in the sizes of the
nanospheres, cavity volume, pore sizes, and the lack of sharp
corners and edges in AuHNSs. The role of pH on the
electrocatalytic activity of NRR is evaluated using AuHNCs-
715. It is found that operating the N, electrolysis in both acidic
(0.5 M LiClO, + 0.001 M HCIO,, pH = 3) and alkaline
electrolyte (0.1 M LiOH, pH = 13) decreases the rate of
ammonia production (Figure S6). This is attributed to the
favorable HER in acidic conditions and higher thermodynamic
potential for ammonia formation in the alkaline environment
(Ny(g) + 6H,0 + 6e"— 2NH;(g) + 60H", Eyyp = —0.77 V).
Moreover, decreasing the concentration of Li" in the alkaline
electrolyte (0.1M) compared with neutral and acidic electro-
lytes (0.SM) results in a remarkable decrease of the NH; yield
rate (Table S2). It is noted that an anion exchange membrane
(AEM) is used for the electrolysis of N, in the alkaline solution
to enable the transport of hydroxide anions (OH™) from the
cathode to the anode side for stable electrolysis.

CA tests are performed using AuHNCs-715 to determine
the ammonia yield rate and FE at a series of applied potentials
(Figure 4A,B). The highest ammonia yield rate (4.22 ug cm™

DOI: 10.1021/acs.jpclett.8002188
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h™!) is obtained at —0.5 V vs the RHE with a FE of 17.9%. The
higher ammonia yield rate but lower FE at —0.5 V, compared
with those at —0.4 V, is due to the compromise between
achieving higher current density and higher selectivity toward
HER. Moving toward more positive potentials than —0.4 V
and more negative potentials than —0.5 V, both the NHj yield
rate and FE decrease, which is consistent with the LSV results,
in which selectivity of the electrocatalyst decreases toward
NRR. The stability of AuHNCs-715 is evaluated for 60 h by
conducting five consecutive cycles, each for 12 h, at —0.4 V
(Figure 4C). The electrocatalyst could maintain continuous
NH, formation with a stable NH; yield rate and FE (Figure
4D). In addition, the SEM images before and after the
durability test show that the morphology of supported
nanoparticles is reasonably maintanied after 60 h of CA test
(Figure S7).

We reported the electrosynthesis of NH; from N, and H,O
under ambient conditions using AuHNCs with various values
of pore size/density by tuning the peak LSPR from 635 to 795
nm. The interdependency between the peak LSPR, Ag content
in the interior surface of the hollow Au nanoparticles, pore
size/density, and total surface area of the nanoparticle on the
electrocatalytic activity of NRR was studied. It was found that
the presence of Ag in the cavity for AuHNCs-635 decreases the
electrocatalytic activity of NRR. This was attributed to the
higher activity of Ag toward HER. Additionally, increasing the
pore size by red shifting the peak LSPR value to 795 nm for
AuHNCs-795S is not beneficial for increasing the NHj; yield
rate and FE. This is due to the decrease of the active surface
area of the nanoparticle and ineflicient confinement of
reactants in the cavity when the pore size increases. Among
all electrocatalysts with various shapes (i.e., cube, sphere) and
peak LSPR values (i.e., 635, 715, 795 nm), the highest NH;
yield rates (3.74 ug cm™> h™") and FE (35.9%) are achieved
using AuHNCs-71S at —0.4 V vs RHE.

Although future work requires overcoming the challenge of
maintaining a high NH; FE at high current densities and
suppressing HER, this work leads to empirical structure—
activity trends for ammonia synthesis by an array of hollow
nanocatalysts with tunable plasmonic properties.

B EXPERIMENTAL SECTION

Nanoparticle Synthesis. Preparation of AgNCs and AuHNCs.
Silver nanocubes (AgNCs) are prepared by a modified polyol
reduction of AgNO;.”” In a 100 mL round-bottomed flask, 35
mL of anhydrous ethylene glycol (EG) is stirred at 400 rpm
and heated at 150 °C for 1 h in an oil bath. After 1 h of heating
of the EG, 0.35 g of polyvinylpyrrolidone (PVP, MW =
55000) dissolved in 5 mL of 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 a 3 mM solution of sodium sulfide
(Na,S.9H,0) in EG is added 5 min after the addition of PVP.
The solution of sodium sulfide must be prepared 1 h before
injection into the reaction mixture. Finally, 0.25 g of AgNO;
dissolved in 5 mL 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 by-
products, extra PVP, and organic solvents, 20 mL of the AgNC
solution is diluted with 20 mL of acetone and centrifuged for
10 min at 10 000 rpm. The precipitated AgNCs are dispersed
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in the solution of 0.01 g of PVP dissolved in 100 mL of DI
water. To prepare AuHNC:s, the cleaned AgNC solution in DI
water is heated and brought to boiling. Then, HAuCl, (0.2 g
L™") in DI water is injected slowly into the AgNCs solution
under vigorous stirring (600 rpm) until the peak LSPR
spectrum of the solution shifts to the desired value of 635, 715,
or 795 nm. The solution is refluxed for 2 min with stirring until
the LSPR remains fixed. The solution is cooled down and
centrifuged at 10000 rpm for 10 min. The precipitated
nanoparticles are dispersed in DI water for future use.

Preparation of AgNSs. In a 100 mL round-bottom glass
flask, 50 mL of EG is stirred and heated at 145 °C for 20 min.
Then, 0.4 g of PVP (MW = 55000) is added to the hot EG.
AgNO; (0.2 g) dissolved in S mL of EG is added at once at a
stirring speed of 500 rpm. The solution turns yellow due to the
reduction of Ag ions into silver nanoparticles. By increasing the
time of heating of the solution, the LSPR red shifts and the size
of AgNSs increases. The reduction of Ag salt is completed after
approximately 7 min. The AgNSs are then quenched using an
ice—water solution to avoid increasing the size of AgNSs. The
same procedure that was used for AgNCs is used to clean
AgNSs.

Preparation of AuHNSs. The precipitated AgNSs are
dispersed in a solution of 0.01 g of PVP dissolved in 100
mL of DI water. Then, the solution in water is heated and
brought to boiling. HAuCl, solution (ag, 0.2 g L™") is injected
slowly into the hot Ag solution until the peak LSPR spectrum
of the solution shifts to the desired value of 635, 715, or 795
nm. The solution is refluxed with stirring for 2 min until the
LSPR becomes fixed. The solution is cooled and cleaned by
centrifugation at 10000 rpm for 10 min. The precipitated
nanoparticles are dispersed in DI water for future use.

The AuHNCs with LSPR peaks at 635, 715, and 795 nm
have optical densities (ODs) of 1.5, 2.6, and 2.0. The AuHNSs
with LSPR peaks at 635, 715, and 795 nm have ODs of 0.8,
1.4, and 1.0.

Determination of the Electrochemical Surface Area (ECSA) of
the Nanoparticle. The ECSAs of AuHNCs with various pore
sizes were determined by CV tests in an Ar-saturated 0.1 M
LiOH aqueous solution (200 mL) in a RDE setup at a rotation
rate of 1500 rpm with a scan rate of SO mV s~". A polished
glassy carbon disk electrode (0.2 cm” area) mounted on an
interchangeable RDE holder (Pine Instruments) was used as
the working electrode. A platinum coil and a single-junction
Ag/AgCl reference electrode (4 M KCl with AgCl solution,
Pine Instruments) were used as counter and reference
electrodes. To mitigate any interferences on CV measure-
ments, both counter and reference electrodes were separated
from the main cell by an electrolyte bridge. Prior to measuring
CVs for ECSA,, calculation, the working electrode was
conditioned by conducting CV tests for S0 cycles at a scan
rate of 200 mV s™' to remove possible surface impurities and
achieve stable current density response. Then, 20 uL of
AuHNCs with 0.1 uL of nafion solution (5 wt %) were
sonicated and dispersed on a polished glassy carbon electrode
with Au loadings of 0.12, 0.19, and 0.27 ug,, cm >y for
AuHNCs-635, AuHNCs-715, and AuHNCs-795, respectively.
To more uniformly disperse nanoparticles on the glassy
carbon, nanoparticles were dried on the glassy carbon with the
rotation rate of 600 rpm at room temperature. The ECSA,, of
the catalyst was determined from the charge associated with
the reduction peak of Au oxide after double-layer correction
and was normalized to the Au loading on the working
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electrode and a charge density of 386 #C cm™ according to
the following equation®”

emi, | _ Q (pCem™)
- 386 (uC cm;) X electrode loading (g, cm™?)
(1)
where Q (uC cm™) is the charge associated with the reduction

peak of Au oxide after double-layer correction (Figure 2) and
calculated according to the following equation

Q=/;

14

ECSA [

)

where i is the current density (A cm™2), V is the potential
(V), and v (V s7') is the scan rate.
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