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ABSTRACT: Single-atom catalysts (SACs) featuring atomically
dispersed metal cations covalently embedded in a carbon matrix
show significant potential to achieve high catalytic performance in
various electrocatalytic reactions. Although considerable advances
have been achieved in their syntheses and electrochemical
applications, further development and fundamental understanding
are limited by a lack of strategies that can allow the quantitative
analyses of their intrinsic catalytic characteristics, that is, active site
density (SD) and turnover frequency (TOF). Here we show an in
situ SD quantification method using a cyanide anion as a probe
molecule. The decrease in cyanide concentration triggered by
irreversible adsorption on metal-based active sites of a model Fe−
N−C catalyst is precisely measured by spectrophotometry, and it is correlated to the relative decrease in electrocatalytic activity in
the model reaction of oxygen reduction reaction. The linear correlation verifies the surface-sensitive and metal-specific adsorption of
cyanide on Fe−Nx sites, based on which the values of SD and TOF can be determined. Notably, this analytical strategy shows
versatile applicability to a series of transition/noble metal SACs and Pt nanoparticles in a broad pH range (1−13). The SD and TOF
quantification can afford an improved understanding of the structure−activity relationship for a broad range of electrocatalysts, in
particular, the SACs, for which no general electrochemical method to determine the intrinsic catalytic characteristics is available.
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■ INTRODUCTION

Heterogeneous catalysts are of paramount importance to the
world economy and the sustainable development of our
society,1,2 from chemical manufacturing to energy-related
applications and environmental remediation. The overall
apparent activity of a catalyst in a reaction can be expressed
as a mathematical product of the active site density (SD) and
turnover frequency (TOF). TOF, which is defined as the
number of chemical conversions of reactant molecules per
catalytic site and per unit time, is a key descriptor of the
intrinsic activity of the catalytic site.3 TOF is practically
estimated by the combined input of the overall catalytic
reaction rate (RR) of a catalyst and its SD (i.e., TOF = RR/
SD). The availability of methods to deconvolute the apparent
activity of a catalyst into its TOF and SD is important not only
for fundamental understanding but also for guiding the rational
development of novel catalysts,4 as an increase in TOF or SD
has different implications in the scientific rationale, exper-
imental development of the next-generation catalytic materials,
and their implementation in devices.
Chemisorption, titration, and other methods (e.g., X-ray

diffraction line broadening analysis, small-angle X-ray scatter-
ing, etc.) have been employed to measure the SD values of

heterogeneous catalysts in thermochemical reactions.5−8

Among these methods, chemisorption under gas-phase
conditions is generally used to determine the SD of a catalytic
material.9 However, in the field of electrocatalysis, the
estimation of SD depends on the measurement of the electric
charge exchanged during the interaction of the site-specific
adsorbates with the catalytic surface immersed in an electro-
lyte. Since the adsorption/desorption events can be affected by
the electrochemical potential and experimental conditions, the
measurement of the SD values of electrocatalysts under the
same conditions as those during the intended electrochemical
reaction can prevent (or minimize) systemic errors. For
example, the number of active sites probed in the gas phase
would exceed that measured in the liquid phase for porous
catalysts, whose active sites are located in the narrow pores that
are not completely wetted by the electrolyte.10 In addition, the
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surface properties of the catalysts can be altered under
electrochemical conditions compared to those under the gas-
phase conditions (e.g., because of contact with the liquid
electrolyte and ionomer/binder, the reactant gas dissolved in
the electrolyte, and the electrochemical potential applied).
Consequently, the SD value measured at the gas/solid interface
may not be directly applicable to the electrocatalysts
experiencing a different environment of (gas/)liquid/solid
interface during electrocatalysis. Hence, the concept of
electrochemical active surface area (ECSA) has been
introduced, which refers to the SD (or surface area) measured
electrochemically, implying that the probed sites are both
electrically and electrolytically connected. For the metallic
surfaces of noble metals, the ECSA values are typically
determined by measuring the electric charge during cyclic
voltammetry (CV), which results from the underpotential
deposition (UPD) of either hydrogen (HUPD) or metal ions
(e.g., CuUPD)

11−13 or from the electrochemical oxidation of
strongly adsorbed species (e.g., CO-stripping).14−16 However,
these in situ electrochemical methods are restricted to the
metallic surfaces of platinum-group metals (PGMs) and are
not applicable to a multitude of other catalysts that do not
adsorb H or CO under such conditions. In particular, the
measurement of SD under electrochemical conditions remains
challenging for the recent promising single-atom catalysts
(SACs) featuring atomically dispersed active metal sites, which
have completely different characteristics from bulk metal
catalysts.17

The Me−N−C catalyst, one of the promising class of SACs
comprising metal−Nx sites, has attracted significant attention
for catalyzing various electrochemical reactions (e.g., oxygen
reduction, hydrogen evolution, and carbon dioxide reduction
reactions),18−23 but shows no H and CO adsorption under
ambient conditions, thereby limiting the quantification of SD
in electrochemical environments. Although X-ray absorption
spectroscopy (XAS) and 57Fe or 119Sn Mössbauer spectroscopy
are powerful tools for identifying the Me−Nx moieties,24−27

such techniques employing high-energy radiation probe the
entire volume and are not surface specific. The measurement
of the electric charge based on the redox transitions of the
metal center can be an effective method to determine the SD
of SACs,28,29 but is applicable only when they contain a well-
defined Me−Nx site (e.g., nonpyrolyzed macrocycles or
molecular complexes on carbon) and is generally not reliable
for Me−N−C, where the redox feature is broad and weak
because of the covalently integrated Me−Nx sites in the N-
doped carbon matrix.
For studies on Me−N−C, only two methods for SD

quantification employing molecular probes have been estab-
lished.30,31 The first method is low-temperature CO cryo
chemisorption at 193 K.30 The weakness of this method
includes: (1) a possible overestimation of SD since all gas-
phase accessible sites can be probed (in particular for Me−N−
C with high microporosity) and (2) its limitation to the
quantification of Me−Nx sites with a sufficiently strong binding
of CO* (i.e., Fe and Mn).32 In addition, a thermal
pretreatment up to 873 K is necessary to completely remove
the preadsorbed O2 on Me−Nx sites before CO adsorption.
This cleaning treatment can lead to unexpected modifications
in the surface chemistry, possibly changing its SD and/or TOF
for a particular reaction.33 The second method is nitrite
(NO2

−)-stripping voltammetry.31 This is an in situ electro-
chemical method performed at a specific pH (pH 5.2; 0.5 M

acetate buffer), which quantifies the electric charge corre-
sponding to the reduction of the nitrosyl ligand on the Fe−Nx
sites. The conversion of this electric charge into a SD value is
performed by hypothesizing that the electrochemical reduction
of the Fe nitrosyl complex (generated by a well-known
chemical reaction between NO2

− and protons) is selective and
complete toward ammonia (five-electron reduction).34,35 The
NO2

−-stripping method has advantages compared to the CO
chemisorption as it is an in situ method. However, the
application of this method for evaluating the SD of the SACs
other than Fe−N−C or in a broad pH range is challenging
owing to the unknown number of electrons transferred during
the nitrosyl reduction under different conditions. In addition to
the complete five-electron reduction product, ammonia, several
other products of the nitrosyl reduction reaction can be
expected, for example, hydroxylamine, nitrous oxide, and
nitrogen, depending on the catalytic material and electrolyte
pH.36−38 Recently, a non-negligible deviation between the SD
values, measured by CO chemisorption and NO2

−-stripping
voltammetry on four benchmark Fe−N−C catalysts, has also
been reported.39

Herein, a versatile in situ method for SD quantification is
proposed by employing a cyanide anion probe. Although
cyanide has been reported to poison Fe−N−C catalysts in
prior studies,40,41 it has not been used to quantify their SDs
owing to its competitive adsorption with O2.

42 Here, a new
strategy to determine the SD of Fe−N−C is developed based
on the combination of (1) partial cyanide poisoning of Fe3+-Nx
surface sites free of O2 ligand and (2) the ensuing relative
deactivation in the model reaction of oxygen reduction
reaction (ORR). The decrease in cyanide concentration due
to its adsorption on Fe3+−Nx is quantified using ultraviolet−
visible (UV−vis) spectrophotometry, as a photoactive
compound is formed via a cascade reaction between cyanide
and p-nitrobenzaldehyde, which is further correlated to the
relative decay in ORR activity. This SD quantification protocol
is highly surface sensitive and metal specific, allowing the
determination of SD and TOF of Fe−N−C. Notably, this
analytical method is applicable under various electrochemical
conditions ranging from acidic to alkaline environments and
shows a broad material scope ranging from Me−N−C (Me =
Mn, Co, and Ni) to Pt-SAC comprising atomically dispersed
Pt in sulfur-doped carbon as well as conventional Pt metallic
nanoparticles supported on carbon.

■ RESULTS AND DISCUSSION
A model Fe−N−C catalyst (labeled ‘Fe0.5NC’),

43,44 compris-
ing only atomically dispersed Fe−Nx moieties without metallic
or oxide/carbide Fe clusters, was employed to develop the in
situ SD quantification method (see details for the synthetic
procedure in the Experimental Section). The Fe−N−C
catalyst was chosen as a model substance primarily because
previous CO chemisorption and NO2

−-stripping methods for
SD estimation have been developed with Fe−N−C catalyst(s),
allowing us to directly compare the SD values measured by
multiple methods. The detailed physicochemical character-
ization results of Fe0.5NC can be found in Supplementary Note
1 (Figure S1 and Tables S1 and S2).
Despite the reported poisoning effects of cyanide on the

ORR activity of Fe−N−C catalysts,40,41 SD quantification with
this probe anion has not yet been successfully established. This
is primarily because cyanide weakly adsorbs on the Fe−Nx
sites, thus showing competitive adsorption with O2.

42 The
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relatively weak adsorption of cyanide on Fe−Nx sites
compared to O2 is supported by the recovery of most of the
initial ORR activity of Fe−N−C after simple rinsing with
water.42,45 When the cyanide concentration in the electrolyte is
significantly higher than that of O2 (ca. 1−1.5 mM O2 in
aqueous electrolytes at room temperature; RT), the equili-
brium between cyanide and O2 occupation of Fe−Nx sites is
displaced toward the former owing to Le Chatelier’s effect.42

Hence, a SD quantification protocol based on cyanide
adsorption on Fe−Nx sites demands some prerequisites. First,
the electrochemical environments and active sites must be free
of O2, such that cyanide can potentially bind to most of the
surface active sites. Second, cyanide poisoning must be
irreversible, such that the ORR activity of the cyanide-
poisoned sample can be measured in a cyanide-free O2-
saturated electrolyte. To quantify the amount of cyanide
adsorbed (and thus the number of surface sites occupied by
cyanide, assuming a 1:1 ratio) on Fe−N−C under specific
conditions, the changes in the cyanide concentration in the
electrolyte (CCN−

electrolyte) and the ORR activity before and after
cyanide adsorption by Fe0.5NC need to be quantified (Figure
1a). A highly sensitive spectrophotometric method was
selected to achieve this goal. This method was based on the
cascade chemical reaction of cyanide with p-nitrobenzalde-
hyde, followed by a reaction with tetrazolium blue to produce a
photoactive diformazan compound (Figure S2).46,47 The final
product yielded maximum absorbance at ca. 520 nm in the
UV−vis spectrum, and the absorbance was linearly propor-
tional to the cyanide concentration in the UV−vis cuvette
(CCN−

cuvette), which was 0−10 μM (Figure S3). The correlation
between UV−vis absorption at 520 nm and cyanide
concentration is sufficiently accurate to measure very low
cyanide concentrations, providing a suitable analytical platform
for detecting small changes in CCN−

electrolyte before and after the
cyanide poisoning of Fe0.5NC.

Cyanide poisoning of Fe0.5NC was carried out in a two-
compartment H-type electrochemical cell (Figure 1b). Each
compartment was initially filled with 0.1 M HClO4 electrolyte,
and a graphite-rod working electrode was placed in compart-
ment 1, while the counter and reference electrodes were placed
in compartment 2. The two compartments were separated
using a Nafion membrane. The key reason for the separation
was to prevent pollution by O2 produced at the counter
electrode during the electrochemical removal of O2 in
compartment 1. A known amount of Fe0.5NC powder was
dispersed only in working electrode compartment 1 and
mechanically stirred to prevent its sedimentation during the
entire poisoning protocol. Following the addition of Fe0.5NC,
the electrolyte was deaerated by Ar purging, while the working
electrode was set at the open circuit potential (OCP), and all
subsequent (electro)chemical treatments were conducted in an
Ar-filled chamber to prevent undesirable O2 dissolution in the
electrolyte (first step). In the next step, preadsorbed O2 on the
Fe−Nx sites, which could not be simply removed by Ar
purging, was electrochemically removed. This was performed
under continuous Ar purging and mechanical stirring by
applying a sufficiently low potential of 0.5 VRHE to the working
electrode (second step), to ensure that the preadsorbed O2 was
reduced to water when the catalyst particles collided with the
working electrode through convective motion. Subsequently,
an aliquot of deaerated cyanide aqueous solution was injected
into both compartments (third step). The initial CCN−

electrolyte was
adjusted to 200 μM, resulting in an optimized balance between
the irreversible poisoning of Fe−Nx sites and a significant
decrease in cyanide concentration. The working electrode was
polarized at 1.0 VRHE (i.e., Ethird) to ensure that the surface Fe−
Nx sites were in the ferric state (Figure S4). The ferric state of
Fe−Nx sites has a higher binding affinity to cyanide than the
ferrous state, based on the studies on hemoproteins and Fe
cyanide complexes.48,49 After cyanide injection, Ar purging was
stopped, and all compartments were closed to prevent any

Figure 1. Scheme of in situ SD quantification protocol using a cyanide probe. (a) In situ SD quantification procedure depends on the combined
measurement of the decrease in the cyanide concentration (left-hand-side inset in (a)) due to its adsorption on the metal-based active sites (central
scheme in (a); blue = N, gray = C) and irreversible decrease in ORR activity after cyanide poisoning (right-hand-side inset in (a)). (b) In situ
cyanide poisoning protocol comprises three steps: (1) removal of predissolved O2 in the electrolyte by Ar purging, (2) electrochemical removal of
preadsorbed O2 on the catalyst, and (3) cyanide poisoning of the catalyst under the controlled electrochemical potential of the working electrode.
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undesirable decrease in cyanide concentration via the release of
HCN in the gas-phase (Figure S5).
The decrease in CCN−

electrolyte due to cyanide adsorption by
Fe0.5NC was then measured by UV−vis spectrophotometry.
An aliquot of the electrolyte, which was collected after filtering
the solution of compartment 1 from Fe0.5NC, was diluted 20
times, and a fixed amount of p-nitrobenzaldehyde and
tetrazolium blue was added (see Experimental Section).
Control experiments without the addition of a catalyst in
compartment 1 or with the addition of Fe-free N-doped
carbon (NC) revealed a negligible decrease in CCN−

electrolyte after
the poisoning protocol (Figure 2a,b). On the other hand, the

spectrophotometric data collected after the addition of
Fe0.5NC showed that CCN−

electrolyte decreased from 200 to 181
μM after the cyanide poisoning of Fe0.5NC, indicating that the
surface Fe−Nx moieties adsorbed cyanide ions. The poisoned
Fe0.5NC powder that was collected after filtration and water
rinsing showed a current density (j) of −0.060 ± 0.003 mA
cm−2 at 0.85 VRHE (Figure 2c), which was significantly lower
than that of pristine Fe0.5NC (j = −0.110 mA cm−2). Cyanide
was hardly detected in the rinsed water (Figure S6), which
indicates the irreversible adsorption of cyanide on the Fe−Nx
site during the poisoning protocol.
However, any O2 contamination in the electrolyte during the

protocol could interrupt the cyanide poisoning of Fe0.5NC,
likely due to the competitive adsorption of O2 on Fe−Nx sites

(Figure S7). It is of note that the ORR activity was measured
by linear sweep voltammetry (LSV) in a restricted potential
range of 0.70−1.05 VRHE with a low scan rate of 1 mV s−1,
which afforded high reproducibility of the ORR polarization
curves for the pristine and poisoned catalysts (Supplementary
Note 2 and Figures S8 and S9).
Then, SD could be derived from the change in cyanide

concentration (ΔCCN−
electrolyte) and the relative decrease in ORR

activity (Δj/jpristine) obtained from the collected cyanide-
poisoned Fe0.5NC powder. If it is assumed that the decrease in
ORR activity is linear to the amount of adsorbed cyanide on
the surface Fe−Nx moieties from zero to “SD” and the ORR
activity reaches zero when all surface Fe−Nx sites are occupied
by cyanide (Figure S10), their relationship can be expressed by
the following equation:

j j/ ( SD)/SDpristine αΔ = × (1)

where α is the fraction of poisoned sites to total sites (i.e.,
poisoned + nonpoisoned) of Fe−Nx species, and jpristine and Δj
are the pristine catalytic activity and poisoning-induced activity
decrease at a given potential, respectively. Then, SD can be
expressed by the following equation:

C V N m j jSD sites g ( / )/( / )1
CN
electrolyte

A cat pristine[ ] = Δ × × Δ−
−

(2)

where V is the electrolyte volume (40 mL), NA is the Avogadro
constant, and mcat is the catalyst amount (30 mg).
However, eqs 1 and 2 are based on the linearity hypothesis

(Figure S10). Hence, the above calculations are valid only
when the cyanide poisoning on Fe−Nx sites occurs in a similar
manner on all surface Fe−Nx sites. If there are two or more
types of surface Fe−Nx sites on Fe0.5NC with different affinities
for cyanide binding, the SD value estimated according to eq 2
will be erroneous (Supplementary Note 3). Considering this
hypothesis using eqs 1 and 2, the estimated SD value was (3.33
± 0.16) × 1019 sites g−1 for Fe0.5NC (Figure 2d). Based on the
SD value and measured bulk metal content, the utilization
factor (U) of Fe0.5NC can be calculated using eq 3, which
represents the electrochemically accessible active metal sites to
the total number of metal atoms in the material.

U m m
N
M

% 100 / 100 SD/
%
100surf bulk

Me Ai
k
jjj

y
{
zzz[ ] = × = × ×

(3)

where m is the metal content at the surface and bulk, %Me is the
weight percentage of the metal in the catalyst, and M is the
atomic mass of the metal. Using eq 3 and the SD values
obtained for three different repetitive experiments, U was
determined to be 20−22% in Fe0.5NC.
To verify whether these assumptions and the results

obtained using this new method were reliable, the SD and U
values were estimated with different extents of cyanide
poisoning of Fe0.5NC (Figure 3). The first approach to
modulate the extent of cyanide poisoning comprised the
application of different potentials on the working electrode
during the third step of the poisoning protocol (third step in
Figure 1b). In comparison to the original protocol (Ethird = 1.0
VRHE), the results showed that cyanide adsorption on Fe0.5NC
was mitigated when Ethird decreased from 1.0 to 0.7 VRHE
(Figure 3a). The ΔCCN−

electrolyte of ca. 19 μM at 1.0 VRHE
decreased to ca. 14 μM at 0.7 VRHE. In situ X-ray absorption
near edge structure (XANES) measurements at different

Figure 2. In situ SD quantification of Fe0.5NC using the cyanide probe
method. (a) Determination of CCN−

electrolyte using a UV−vis spectropho-
tometer at 520 nm before and after cyanide adsorption on Fe0.5NC.
Results obtained for the two control experiments, that is, without any
catalyst (gray cross) and with NC in solution (blue cross), are also
compared. Calibration values are indicated by open circles, and initial
CCN−

electrolyte is indicated by a filled circle. (b) Initial cyanide
concentration (same for all three experiments) and cyanide
concentration after the blank experiment without any catalyst or the
cyanide poisoning of NC and Fe0.5NC in solution. (c) ORR activity of
Fe0.5NC measured in O2-saturated 0.1 M HClO4 electrolyte before
and after in situ SD quantification with cyanide poisoning. Three
repeated experiments are presented. (d) Estimation of the SD value of
Fe0.5NC (red star) by linear extrapolation to zero current of the line
defined by the initial point (gray star; pristine Fe0.5NC) and second
point (blue star; cyanide-poisoned Fe0.5NC). The x and y positions of
each point are defined by the measured absolute amount of Fe−Nx
sites poisoned and ORR activity after cyanide poisoning, respectively.
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potentials suggested that the decrease in ΔCCN−
electrolyte is

attributed to a decrease in the population of ferric species
with a higher binding affinity to cyanide than the ferrous
species (Figures 3b and S4b).48,49 However, with a decrease in
ΔCCN−

electrolyte, the ORR activity loss for Fe0.5NC also decreased
simultaneously (Figure S11). This led to comparable SD
((3.20 ± 0.30) × 1019 sites g−1) and U (20 ± 2%) values,
regardless of the applied Ethird values (Figure 3a), because the
proportional changes in CCN−

electrolyte and Δj/jpristine canceled out in
eq 2. In the second approach, the extent of cyanide poisoning
was modified by varying the initial CCN−

electrolyte values in
compartment 1 from 100 to 400 μM (200 μM for the original
protocol). The results showed that ΔCCN−

electrolyte increased from
ca. 9 to 27 μM with an increase in the initial CCN−

electrolyte (Figure
3c). Similar to the effects observed with the electrochemical
potential modulation, ΔCCN−

electrolyte and Δj/jpristine changed
proportionally (both increased when the initial CCN−

electrolyte was
increased; Figure S12), thereby resulting in similar values of
SD ((3.52 ± 0.34) × 1019 sites g−1) and U (22 ± 2%) for the
initial CCN−

electrolyte values ranging from 100 to 400 μM (Figure
3c).
Therefore, the effects of the potential applied in the third

step and initial cyanide concentration afforded almost identical
SD ((3.38 ± 0.48) × 1019 sites g−1) and U (21 ± 3%) values,
even though different amounts of cyanide were irreversibly
adsorbed on Fe0.5NC. This observation clearly supports the
random cyanide poisoning on all surface Fe−Nx sites of
Fe0.5NC, verifying the validity of the assumptions in eqs 1 and
2 (Supplementary Note 3). Notably, the U values obtained by
the present in situ cyanide poisoning method (21% on average)
were slightly lower than those measured previously using the ex
situ CO cryo chemisorption method (ca. 23%; Figure S13), but
were slightly higher than those obtained by the modified in situ
NO2

−-stripping method (ca. 19%; Figure S14) for an
identically prepared catalyst (Figure 3d). It is of note that a

different hypothesis for the final product of nitrosyl ligand
reduction was employed for the NO2

−-stripping method.
Together, these results imply that the cyanide probe in the
liquid electrolyte can easily access the active sites, and this in
situ protocol provides a new analytical platform for the
accurate quantification of active Fe−Nx sites on Fe−N−C
catalysts in acidic environments.
With the SD descriptor obtained by a combination of

spectrophotometry and a decrease in catalytic activity, the
TOF of Fe0.5NC in ORR could be calculated using the
following equation:

J F NAg (TOF SD )/1
A[ ] = × ×−

(4)

where J is the catalytic mass activity at a given potential and F
is the Faraday constant. In an acidic medium, the TOF of
Fe0.5NC was determined to be 0.40 ± 0.05 e site−1 s−1 at 0.80
VRHE through control experiments performed with different
Ethird and CCN−

electrolyte values, which showed small deviations in the
TOF values. The TOF of Fe0.5NC was calculated using the SD
value, which was obtained at 0.85 VRHE owing to the non-
negligible limitation of the current density by diffusion below
0.85 VRHE (Figure S9). This TOF is slightly higher (but in the
same order of magnitude) than that measured by CO
chemisorption using an identically prepared and other Fe−
N−C catalysts (0.15−0.18 e site−1 s−1),26,33 probably due to a
possible overestimation in SD value measured at the gas-phase
condition.
In addition to the determination of SD and TOF for the

Fe−N−C catalyst, which can also be achieved by the previous
CO chemisorption and NO2

−-stripping methods,31,33 the
general applicability of the cyanide protocol was investigated
under various experimental conditions and on other electro-
catalytic materials (Figure 4). First, to examine the applicability
of the cyanide protocol in conditions other than the acidic
electrolyte (pH 1), the SD of Fe0.5NC was measured in neutral
(pH 7; 0.1 M phosphate buffer) and alkaline (pH 13; 0.1 M
KOH) electrolytes. As the SD value (in this case, the number
of Fe−Nx sites) is an inherent characteristic of the catalytic
material, it was expected that if the cyanide protocol is
applicable under neutral and alkaline conditions and no
significant demetalation of Fe−Nx sites occurs in acidic pH (as
suggested by slightly lower SDs than the gas-phase CO
chemisorption), the SD of the Fe0.5NC catalyst measured at
pH 7 and 13 should be similar to that measured at pH 1. In
practice, ΔCCN−

electrolyte values in neutral and alkaline electrolytes
(ca. 16 and 17 μM at pH 7 and 13, respectively; Figure S15)
were similar (or slightly lower) to that measured in the acidic
electrolyte (ca. 19 μM), resulting in comparable U values (19
± 1%) regardless of the electrolyte pH (Figure 4a,f). This
result indicated that the cyanide protocol could be applied to
measure the SD of the Fe−N−C catalysts over a broad range
of pH values. Although this does not provide additional
information if the SD is pH-independent, it brings direct
information regarding the TOFs of the Fe−Nx sites for ORR at
different pH values.
Subsequently, the applicability of the cyanide protocol to

quantify the SDs of the other SACs was examined. First, other
Me−N−C catalysts (Me = Mn, Co, and Ni; labeled
‘Me0.5NC’) were prepared in a similar manner as Fe0.5NC by
changing only the metal. Because these transition metals have
similar atomic masses (i.e., 54.9−58.7 amu) and the carbon-
ization of ZIF-8 as well as the formation of Me−Nx moieties
occur during flash pyrolysis (i.e., increase in temperature from

Figure 3. Determination of U values under various conditions of in
situ SD quantification. (a) U, Δj/jpristine, and ΔCCN−

electrolyte values
estimated at different Ethird values applied on the working electrode.
(b) Fraction of ferric and ferrous ions of Fe0.5NC at various potentials,
fitted from the Fe K-edge in situ XANES spectra (Figure S4b). (c) U,
Δj/jpristine, and ΔCCN−

electrolyte values estimated at different initial CCN−
electrolyte

values in the working electrode compartment. (d) Comparison of the
U values of Fe0.5NC measured by the cyanide-poisoning in situ SD
quantification, gas-phase CO chemisorption, and electrochemical
NO2

−-stripping methods.31,33
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RT to 1323 K within a few seconds), it can be reasonably
surmised that the physicochemical characteristics of the
Me0.5NC catalysts are similar to those of Fe0.5NC. In particular,
metal content in the Me0.5NC catalysts was ca. 1.5 wt %, and
most of the metal species were dispersed as Me−Nx moieties
as confirmed by XAS spectra (Figures S16−S18 and Table S1).
This was consistent with identical physicochemical character-
istics (except for the nature of the metal) for other series of
Me0.5NC catalysts prepared via the same synthetic protocol
and studied for CO2RR and ORR to H2O2.

50,51

In the SD quantification, the ΔCCN−
electrolyte values of Mn0.5NC,

Co0.5NC, and Ni0.5NC were ca. 15, 31, and 22 μM, respectively
(Figure S19). This difference (under identical conditions
applied during the protocol) highlighted the different binding
affinities of cyanide on Me−Nx sites as a function of the metal
characteristics.48 However, the similar trends of Δj/jpristine
values as those of ΔCCN−

electrolyte resulted in U values of 21 ±
2% for all Me0.5NC catalysts, which were comparable to that of
Fe0.5NC (Figure 4b,f). These results indicated that the fraction
of surface Me−Nx species to total Me−Nx species was similar
for all catalysts in this series, which was reasonable based on

similar active site structure and surface area of this series of
materials.50,51

Thereafter, a catalyst featuring single-atom Pt sites was
introduced, in which atomically dispersed Pt2+ species (5 wt %
Pt content) were ligated by the thiophene/thiolate function-
alities of S-doped carbon (Figure S20; named “Pt/HSC”).52,53

Unlike the unitary process of Fe0.5NC (and Me0.5NC)
synthesis, Pt/HSC was synthesized by the stabilization of
isolated active Pt species (Pt2+−S4) via conventional wet
impregnation on the prepared HSC support (see Experimental
Section). This afforded the predominant presence of Pt−S4
moieties at the HSC surface and expectedly complete
utilization of Pt (i.e., U = ∼100%). Consequently, with this
model catalyst, the accuracy of the cyanide protocol and its
extension to SD quantification of PGM-based SACs, which
have attracted significant attention owing to their unique
electrocatalytic characteristics,54−56 could be directly evaluated.
The SD quantification results afforded ΔCCN−

electrolyte values of 10
and 120 μM for HSC and Pt/HSC, respectively (Figure S21).
The difference (110 μM) indicated that ΔCCN−

electrolyte was
induced by cyanide adsorption on the isolated Pt−S4 moieties.
Based on the decrease in the ORR activity following cyanide

Figure 4. General applicability of cyanide-poisoning in situ SD quantification protocol. (a−c) Δj/jpristine and ΔCCN−
electrolyte values obtained after the in

situ SD quantification of Fe0.5NC at various pH values (a), Me0.5NC (Me = Mn, Co, and Ni) and Pt/HSC (b), and Pt nanoparticles with different
particle sizes (i.e., 2.5, 2.9, 3.8, and 4.5 nm) (c). (d) HUPD and CO-stripping voltammograms of Pt nanoparticles. (e) Comparison between ECSA
values, derived from HUPD (black y-axis) and CO-stripping (red y-axis), and ΔCCN−

electrolyte (blue y-axis) for Pt nanoparticles with different particle
sizes. (f,g) Summary of U (f) and TOF (g) values estimated by the in situ SD quantification of Fe0.5NC at various pH values and other control
SACs and Pt nanoparticles at pH 1. The values reported in the literature (green star) or obtained by ECSACO (black star) are also included for
comparison.26,33
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poisoning from −0.077 to −0.018 ± 0.002 mA cm−2 at 0.65
VRHE (Figure S21), the ΔCCN−

electrolyte value of 110 μM
corresponds to almost 100% utilization of Pt in Pt/HSC
(Figure 4b,f).
After demonstrating the validity of the cyanide protocol for

SD measurements of various SACs, the applicability of this
protocol to classical catalysts featuring metal nanoparticles
supported on carbon was investigated. We focused on Pt
nanoparticles on carbon (Figure S22) because they are one of
the most widely used active materials in electrocatalysis and
their SD can be estimated by the conventional voltammetric
ECSA measurement methods (i.e., HUPD and CO-stripping).
Four commercial Pt catalysts with different particle sizes (ca.
2.5, 2.9, 3.8, and 4.5 nm estimated by transmission electron
microscopy; TEM) were introduced to evaluate the precision
of the cyanide adsorption method (Figures S23 and S24 and
Table S3). The SD variations caused by different sizes of Pt
nanoparticles were distinguishable by the ECSA measurements
(Figure 4d), which showed a decrease in the ECSA as the
particle size increased (at fixed Pt loading). Similar to the
voltammetric methods, the spectrophotometry method, in
which Ethird was set to 0.6 VRHE (instead of 1.0 VRHE used for
the SACs) to prevent the surface oxide formation of Pt
nanoparticles, also successfully differentiated the SDs of the Pt
nanoparticle catalysts (Figure 4e). The ΔCCN−

electrolyte value
decreased from 173 to 56 μM with an increase in the particle
size, a trend similar to that observed for ECSA.
Despite the non-negligible uncertainty in the SD calculation

for the Pt nanoparticles with ΔCCN−
electrolyte, which was caused by

the different cyanide adsorption modes depending on the Pt
sites,57 their U values were estimated with an assumption of
the coverage (i.e., CN−/Pt) to be 0.5, based on the previous
measurements for a model Pt(111) surface.58 The calculated U
value was 67% for 2.5 nm Pt nanoparticles, which decreased to
56, 41, and 22% with an increase in the particle size to 2.9, 3.8,
and 4.5 nm, respectively (Figure 4c,f). This assumption
seemingly led to an overestimation of the estimated U values
in comparison to those obtained by CO-stripping voltammetry
(i.e., ECSACO; U = 53, 39, 21, and 14%, respectively), probably
due to the non-negligible contributions of other sites (e.g.,
Pt(100) or edge) with different adsorption modes of cyanide.57

However, rough consideration of the different surface
coverages of the heterogeneous Pt sites, for instance, CN−/
Pt = 0.5, 1.0, and 1.0 for Pt(111), Pt(100), and edge,
respectively59 (Supplementary Note 4), could alleviate the
deviations between the U values obtained with different probe
molecules (i.e., cyanide and CO; Figure S25), providing a clue
for the precise measurement of the U value of Pt nanoparticles
if an accurate coverage of each facet is determined.
Based on the case studies with various SACs and Pt

nanoparticles, the precise quantification of SD can be achieved
by spectrophotometry using a cyanide probe under electro-
chemical operating conditions. Then, the TOF values for the
Me0.5NC catalysts, Pt/HSC, and Pt nanoparticles in ORR were
estimated at 0.80, 0.65, and 0.90 VRHE, respectively (Figure
4g). The intrinsic ORR activity of Fe0.5NC (0.40 ± 0.05 e
site−1 s−1 at 0.80 VRHE) surpassed that of all other Me0.5NC
catalysts (0.06 ± 0.03 e site−1 s−1 at 0.80 VRHE), and in the
alkaline medium, the TOF of Fe0.5NC (2.00 ± 0.05 e site−1 s−1

at 0.80 VRHE) considerably exceeded that obtained in the acidic
medium. These results are in good agreement with previous
reports on the center metal and pH effects on the ORR
catalysis of the Me−N−C catalysts,60−62 and experimentally

demonstrate for the first time that the higher ORR activity of
Fe−N−C in comparison to those of other Me−N−C catalysts
is due to the higher TOF of Fe−Nx sites, not due to the
changes in SD. In Pt/HSC, the full atomic dispersion of Pt
(i.e., U = 100%) and its selective two-electron ORR pathway in
an acidic medium (Figure S21d) resulted in a low TOF value
of 0.80 × 10−2 e site−1 s−1, even at a low potential of 0.65 VRHE.
The TOF of the 2.5 nm Pt nanoparticle was determined to be
2.08 e site−1 s−1 at 0.90 VRHE, which decreased to 0.67, 0.26,
and 0.13 e site−1s −1 with an increase in the particle size to 2.9,
3.8, and 4.5 nm, respectively. These TOF values were slightly
lower than those calculated from ECSACO (2.63, 0.96, 0.51,
and 0.20 e site−1s−1, respectively) because of the over-
estimation of the U values with the cyanide probe. However,
consideration of the contributions of different heterogeneous
Pt sites (i.e., CN−/Pt = 0.5, 1.0, and 1.0 for Pt(111), Pt(100),
and edge, respectively) reduced the deviations between the
TOF values determined with the cyanide and CO probes
(Figure S25c), and the values were similar to those reported in
the literature (10−1−100 e site−1 s−1 estimated by ECSA).63,64

Therefore, the versatile applicability of this analytical strategy is
demonstrated for the SD and TOF quantifications of a series of
atomically dispersed transition/noble metal catalysts and Pt
nanoparticles in a wide pH range (1−13) of electrolytes.

■ CONCLUSIONS AND PERSPECTIVES

In summary, the in situ SD quantification method provides a
new experimental approach to evaluate the key descriptors of
catalytic activity, that is, SD and TOF. The introduction of
cyanide as an ionic probe and its titration by UV−vis
spectrophotometry enabled the determination of these
descriptors of the Fe−N−C catalyst over a wide range of
electrolyte pH values. In addition, this analytical methodology
is widely applicable to a series of atomically dispersed
transition/noble metal catalysts and metallic Pt nanoparticles.
However, the developed method has an important safety issue
owing to the toxic release of HCN(g) in an acidic environment.
Extreme caution is needed during the application of this
method (please read the Experimental Section carefully before
performing the experiments), and it is strongly recommended
that the experiments are performed with appropriate safety
precautions (e.g., fume hood, HCN gas detector, etc.) or in
neutral/alkaline environments. Considering the safety con-
cerns, its scalable generality in SD and TOF evaluations can
likely afford a fundamental atomic-level understanding of the
electrocatalytic activity, particularly for the SACs (except Fe−
N−C), whose trends in site-specific catalytic activity have been
evaluated exclusively by density functional theory calculations
without direct experimental confirmation.65−67 Experimental
knowledge of the SD and TOF that can be acquired for a
broad range of SACs and under various synthesis conditions
using this method can provide important insights and
ultimately allow the establishment of structure−SD and
structure−TOF relationships, allowing the rational develop-
ment of novel catalysts with improved SD and TOF in the
future. Specifically, this method can allow the understanding of
the detailed ORR-promoting effect observed via codoping of
Me−N−C catalysts with other p-block elements (e.g., sulfur)
or post-treatment of Me−N−C with final pyrolysis in
ammonia.26,68,69 Currently, it is unclear whether the promoting
effect is due to an increased SD or TOF value.70,71
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■ EXPERIMENTAL SECTION

Catalyst Preparation

The Me0.5NC catalysts were prepared using Me2+ acetate salts (95−
98%, Sigma-Aldrich), phen (≥99%, Sigma-Aldrich), and ZIF-8
(Basolite Z1200, BASF). The precursor powders (1 g) containing
Me/phen/ZIF-8 with a mass ratio of 0.5/20/80 were placed in a ZrO2
crucible with 100 ZrO2 balls (5 mm in diameter) and homogenized
using a ball mill with four cycles of 30 min each at 400 rpm. The
powder mixture was then pyrolyzed at 1323 K in N2 for 1 h, and
Me0.5NC catalysts were collected after cooling to RT.20,44,72 The
Me0.5NC catalysts contained ca. 1.5 wt % of Me content, as confirmed
by inductively coupled plasma-atomic emission spectroscopy (ICP-
AES). Recently, simple and general strategies enabling the controlled
synthesis of a series of SACs have also been developed.73,74 For the
synthesis of the Fe-free NC catalyst, a precursor mixture comprising
phen and ZIF-8 was dry ball-milled and pyrolyzed, similar to the
method for Me0.5NC. Owing to the presence of trace amounts of Fe
impurities in the commercial ZIF-8 (>100 ppm),75 NC was
individually synthesized using Fe-free ZIF-8, which was prepared by
mixing 2-methylimidazole (2-MeIm; 99%, Sigma-Aldrich) and Zn
nitrate hexahydrate (Zn salt; 98%, Sigma-Aldrich) in an aqueous
solution (Zn salt/2-MeIm/water molar ratio of 1/60/2228).76

Carbon with high sulfur content (HSC) was synthesized by chemical
vapor deposition (CVD) of acetylene/H2S mixed gas (1.4/1.4% in
He) on NaX zeolite (5 g) at 823 K for 24 h.52,53 After CVD, the
resulting carbon/zeolite composite was further treated at 1073 K
under 5% H2S/He flow (80 mL min−1) for 3 h. HSC was collected
after etching the zeolite template with an aqueous HF/HCl solution
(1.1/0.8 wt %). Thereafter, 5 wt % Pt was supported on the HSC by
conventional wet impregnation and subsequent H2 reduction. HSC
(0.3 g) and H2PtCl6-5·5H2O (0.04 g; 99%, Kojima Chemicals) were
dispersed/dissolved in 100 mL of deionized water, and the solvent
was evaporated at 353 K. The resultant powder sample was reduced at
523 K for 3 h under H2 flow (200 mL min−1). Commercial Pt
nanoparticles, HiSPEC 2000 (2.5 nm), HiSPEC 3000 (2.9 nm),
HiSPEC 4000 (3.8 nm), and HiSPEC 9000 (4.5 nm), were purchased
from Thermo Fisher Scientific.

Physicochemical Characterization

X-ray diffraction (XRD) patterns were obtained using a high-
resolution X-ray diffractometer (X’Pert PRO MPD, PANalytical)
equipped with a Cu Kα X-ray source at an accelerating voltage of 60
kV and a current of 55 mA with a scan rate of 10° min−1 and a step-
size of 0.02°. Raman spectra were obtained using an NRS-5000 series
Raman spectrometer (JASCO) with 633 nm laser excitation. ICP-AES
analysis was carried out using a POLYSCAN 61E system (Hewlett-
Packard). X-ray photoelectron spectroscopy (XPS) measurements
were performed with a K-Alpha+ (Thermo Scientific) instrument
equipped with a microfocused monochromator X-ray source. The
binding energies were calibrated using the adventitious C1s signal at
284.5 eV as a reference. The XPS data were analyzed using
XPSPEAK41 software with a ± 0.1 eV deviation in the binding
energy. The XPS-N1s spectra were fitted to four N species: pyridinic-
N (398.5 eV), pyrrolic-N (400.1 eV), graphitic-N (401.1 eV), and
pyridinic-oxide (403.2 eV).77 The binding energy used for the peak
deconvolution of the XPS-Pt spectra (for 4f7/2) was 72.2 eV for Pt2+

with a spin−orbit splitting of 3.33 eV.52 XAS measurements were
performed with a synchrotron radiation light source in the
transmission mode at Pohang Accelerator Laboratory (8C, Nano
XAFS). The XAS energy scale was calibrated using each metal foil
before the measurements to correct any energy shift during data
acquisition. The 57Fe Mössbauer spectrum was acquired using a 57Co
source in Rh. The measurement was performed by maintaining both
the source and absorber at 5 K. The spectrometer was operated using
a triangular velocity waveform, and a NaI scintillation detector was
used to detect γ-rays. TEM and high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) analyses were
carried out using a JEM-2100 LaB6 (Jeol) and Titan 80−300 (FEI),
respectively.

Electrochemical Characterization

The electrochemical properties were investigated using a VMP3
potentiostat (Bio-Logic) in a three-electrode cell equipped with a
graphite rod counter electrode and a saturated Ag/AgCl reference
electrode (RE-1A for acidic/neutral media and RE-16 for alkaline
medium, EC-Frontier). The reference electrode was doubly separated
using glass and polyetheretherketone bridge tubes for acidic/neutral
and alkaline media, respectively. The electrolyte was prepared with
ultrapure water (>18.2 MΩ, Sartorius) and HClO4 (70%, Sigma-
Aldrich), phosphoric acid (≥85%, Sigma-Aldrich), or KOH (99.99%,
trace metal basis, Sigma-Aldrich). The reference electrode was
calibrated against a Pt electrode in a H2-saturated electrolyte, and
all potentials were reported on a reversible hydrogen electrode (RHE)
scale. The Me0.5NC catalyst inks were prepared by dispersing 10 mg
of the catalyst in an aqueous solution (3472 μL of deionized water,
267 μL of isopropanol, and 80 μL of 5 wt % Nafion solution). After
ultrasonication of the suspension for 30 min, working electrodes were
prepared by dropping 15 μL of catalyst ink onto a glassy carbon disk
(0.196 cm2) of the rotating disk electrode (01169, ALS). The catalyst
loadings were set to 200 μg cm−2 for Me0.5NC and 20 μgPt cm

−2 for
Pt/HSC and Pt nanoparticle catalysts. To prevent (or minimize) any
cyanide desorption from the catalytic sites, the ORR polarization
curves were recorded by LSV without a typical electrochemical
cleaning step (potential cycling in general).78 The LSV curves were
measured from 0.70 VRHE to 1.05 VRHE with a scan rate of 1 mV s−1

and a rotation speed of 900 rpm in an O2-saturated electrolyte.
Electrochemical CO-stripping was conducted to determine the
ECSACO values of the Pt nanoparticle catalysts. After CO adsorption
at 0.05 VRHE in a CO-saturated electrolyte and subsequent removal of
dissolved CO from the electrolyte, two cycles of CV were conducted
in the potential range of 0.05−1.2 VRHE at a scan rate of 50 mV s−1.

In situ SD Quantification Method

Caution: For safety reasons, the sequence of experiments should be done
very carefully when performing the same or similar tests elsewhere. We
strongly emphasize that all experiments with cyanide must be conducted in
a fume hood or an isolated place such as a glovebox. The researcher(s)
must be equipped with an HCN detector during the experiments to avoid
any inhalation of HCN. The addition of KCN powder directly to the acid
solution is strictly prohibited. Please refer to Supplementary Note 5 for
detailed information on the laboratory safety guidelines for cyanide.

In situ SD quantification was performed in a two-compartment
electrochemical H-type cell contacted by a Nafion 115 membrane
(DuPont), which separated the working electrode from the counter
and reference electrodes. Two graphite rods (6.5 mm in diameter)
were used as the working and counter electrodes, and the Ag/AgCl
electrode was used as the reference electrode. The aqueous cyanide
solution was prepared with deaerated ultrapure water and KCN
(≥96%, Sigma-Aldrich).

Cyanide poisoning was conducted in an Ar-filled chamber to
prevent any undesirable O2 dissolution in the electrolyte and
subsequent competitive adsorption of O2 on the samples. First, the
catalyst powder (30 mg) was dispersed in the electrolyte and
mechanically stirred with a magnetic bar at a rotation speed of ca. 300
rpm to prevent sedimentation. Prior to the analysis, predissolved O2
in the electrolyte was degassed by Ar purging for 30 min at the OCP.
Thereafter, with continuous Ar purging and mechanical stirring, a
potential of 0.5 VRHE was applied to the working electrode until the
measured j reached zero (ca. for 20 min), where the catalyst particles
collided and electrified during convective motion. After stabilization
for 10 min at a specific potential (typically 1.0 VRHE, but 0.6 VRHE for
Pt nanoparticles to prevent the formation of surface oxide), aqueous
cyanide solution (8 mM) was injected into both compartments, and
the initial CCN−

electrolyte value was adjusted to 200 μM. Catalyst poisoning
was carried out for 15 min at an identical potential for the stabilization
step, and the compartment was fully closed without any gas purging to
prevent cyanide loss via the degasification of HCN(aq). The ΔCCN−

electrolyte

value in the filtered electrolyte was measured after dilution with
deionized water (electrolyte/water = 1/19 volume ratio). For
spectrophotometric titration of ΔCCN−

electrolyte, the diluted electrolyte
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(400 μL) was mixed with 30 mM p-nitrobenzaldehyde solution (400
μL; ≥95%, TGI), 0.6 mM tetrazolium blue chloride solution (400 μL;
Sigma-Aldrich), methanol (760 μL; ≥99.8%, Sigma-Aldrich), and 0.2
M NaOH (40 μL; 99.99%, trace metals basis, Sigma-Aldrich). It is of
note that a fixed amount of solution added for titration was not
considered in the dilution ratio. Subsequently, the color change to
purple was monitored at 520 nm using an UV−vis spectrophotometer
(Genesis 400, Thermo-Fisher Scientific) with reference to a blank
electrolyte.46,47 The cyanide-poisoned catalyst filtered after the
poisoning protocol was rinsed with deionized water, and its ORR
activity was measured to calculate the difference in j values between
the pristine and poisoned catalysts (i.e., Δj).
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Spectrophotometric Determination of Cyanides by p-Nitrobenzalde-
hyde and Tetrazolium Blue. Adv. Mil. Technol. 2011, 6, 19−27.
(47) Guilbault, G. G.; Kramer, D. N. Ultra Sensitive, Specific
Method for Cyanide Using p-Nitrobenzaldehyde and o-Dinitroben-
zene. Anal. Chem. 1966, 38 (7), 834−836.
(48) Kumar, R.; Saha, S.; Dhaka, S.; Kurade, M. B.; Kang, C. U.;
Baek, S. H.; Jeon, B.-H. Remediation of Cyanide-Contaminated
Environments Through Microbes and Plants: A Review of Current
Knowledge and Future Perspectives. Geosyst. Eng. 2017, 20 (1), 28−
40.
(49) Yoshikawa, S.; O’Keeffe, D. H.; Caughey, W. S. Investigations
of Cyanide as an Infrared Probe of Hemeprotein Ligand Binding
Sites. J. Biol. Chem. 1985, 260 (6), 3518−3528.
(50) Sun, Y.; Silvioli, L.; Sahraie, N. R.; Ju, W.; Li, J.; Zitolo, A.; Li,
S.; Bagger, A.; Arnarson, L.; Wang, X.; Moeller, T.; Bernsmeier, D.;
Rossmeisl, J.; Jaouen, F.; Strasser, P. Activity−Selectivity Trends in
the Electrochemical Production of Hydrogen Peroxide over Single-
Site Metal−Nitrogen−Carbon Catalysts. J. Am. Chem. Soc. 2019, 141
(31), 12372−12381.
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