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ABSTRACT: Dual-atom catalysts (DACs) have arisen as a novel
type of heterogeneous catalyst that extends from single-atom catalysts
(SACs) by incorporating two kinds of metals. These materials have
demonstrated enhanced performance when compared to SACs. The
choice of metal precursors plays an important role in the synthesis of
DACs. Here, we choose Fe and Co as DAC models and study types, °
contents, molar ratios of two precursors, and oxygen reduction
reaction (ORR) activity. The Fe,Co DACs were synthesized by an ./ "2
adsorption—annealing approach, using nitrogen-doped graphitic ;- rom=
carbon (NC) as the support. As a result, the adsorption ability of £

metal precursors on the support determines the metal loadings in Fe 1
and Co DACs, leading to differences in ORR performance. The Fe
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precursors win the adsorption competitions in most cases, resulting in
a much higher loading than that of Co precursors. Importantly, it is difficult to increase the precursor content by simply increasing
the initial amount. Choosing the right combination of metal precursors, such as ferrocene and cobalt chloride, can yield Fe,Co DACs

with enhanced ORR performance..

Bl INTRODUCTION

Single-atom Fe—N—C materials have emerged as promising
alternatives to platinum-group metal materials (PGM) in
proton exchange membrane fuel cells (PEMFCs) because of a
good oxygen reduction reaction (ORR) activity in acidic
solution.'~* Single-atom Fe coordinated with nitrogen atoms
(e.g, FeN,) is considered the main active site.”~” However,
the strong adsorption ability of the central Fe toward ORR-
related intermediates significantly hampers the ORR ki-
netics.* ' Nevertheless, the active Fenton reaction of Fe
toward H,0, during the ORR process causes severe
demetalation and free radicals, leading to poor durability,
particularly for PEMFC environments.''~"*

Various strategies have been proposed to further improve
the ORR performance of Fe—N—C materials: (1) regulation of
the electronic structure of the central Fe by the incorporation
of secondary heteroatoms such as S, P, B, and F into the first
coordination shell of Fe or doped into carbon structures;'*~"*
(2) increasing the site density of Fe active sites;*' % and (3)
introducing the secondary metals for the formation of dual-
atom catalysts (DACs).”' 7** DACs have been defined as two
metals atomically dispersing on the supports, where single-site
metals are either randomly dispersed on supports without the
formation of metal—metal interaction”>>" or the adjacent
metal atoms exhibit metal—metal bonds.”**° In particular,
Fe—Co DAC:s are being widely investigated and demonstrated
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to have excellent ORR activity by optimizing the adsorption
energy of the actives toward ORR intermediates. Li and co-
workers®' demonstrated that the excellent activity of Fe—Co
DAC:s is attributed to the reduction of the cleavage barrier of
the O—O bond on Fe—Co dual sites. Han et al.,>* claimed that
a combination of Fe and Co can change the charge density of
metal sites, thereby optimizing the electronic structure and
enhancing the ORR activity. There are many methods to
synthesize DACs, such as the host—guest method that
encapsulates metal precursors within zeolitic imidazolate
frameworks (ZIFs)*">*7*° and the adsorption—annealing

approach.’*™*” Many factors including pyrolysis condi-
40—42 —45

'y

tions, substrates, and the etching process4 have
been investigated, but their mechanisms are still elusive.
Additionally, the features of the metal precursors, such as their
reactivity, thermal stability, and adsorption capacity on
supports, can potentially influence DAC performance, which

is barely reported.
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Herein, we chose Fe and Co as DAC models to reveal the
significance of the choice of metal precursors for constructing
DACs. Fe—Co DACs were prepared via the adsorption—
annealing method in which nitrogen-doped graphitic carbon
(NC) was used as the support for adsorbing metal precursors.
The correlation of metal precursors (i.e., types, contents, and
molar ratios of Fe and Co precursors) and acidic ORR activity
was obtained. The results demonstrated that the metal loadings
and ratios of the two metals in Fe—Co DACs are dependent on
the metal precursors. Surprisingly, Fe dominates in most cases.
The ORR performance results show that the activity of Fe, Co
DACs is influenced by the ratios of Fe and Co. However,
increasing the Co loading is very challenging because Fe
precursors win the adsorption competition with Co precursors
on NC supports in most cases. Our work will help us
understand in depth the formation of DACs and provide
guidance for more precise synthesis.

B EXPERIMENTAL SECTION

Chemicals. Zinc nitrate hexahydrate [Zn(NO;),-6H,0], 2-
methylimidazole, sodium chloride (NaCl), hydrochloric acid
(HCl), graphene oxide (GO), melamine, ferrocene, ferric
acetate [Fe(OAc),], ferric nitrate nonahydrate [Fe(NO,);:
9H,0], ferric trichloride hexahydrate (FeCly;:6H,0), cobalt
chloride hexahydrate (CoCl,-6H,0), cobaltocene [Co-
(C¢Hs),], cobalt acetylacetonate [Co(acac);], methanol, and
ethanol were used.

Preparation of the NC Support. A 500 mL methanol
solution containing 7.88 g of 2-methylimidazole was added
slowly to a 100 mL methanol solution containing 6.76 g of
Zn(NOs;),6H,0. After the reaction proceeded for 24 h, the
resulting precipitate was washed with methanol and ethanol 3
times and then dried at 60 °C in a vacuum oven. 1.5 g of ZIF-8
and 1.5 g of NaCl powder were ground for 20 min to obtain
the mixed powders. The powders were annealed at 910 °C
under an Ar atmosphere for 2 h. The resulting black powders
were added into a 20 mL HCl solution (2 M). After stirring at
80 °C for 8 h, the black powders were washed with deionized
(DI) water and ethanol 6 times by the centrifuging process,
followed by a drying process at 60 °C in a vacuum oven.

Preparation of Fe, Co DACs. A 50 mg portion of NC was
dispersed in 100 mL of methanol after sonication for 2 h. A S
mL methanol solution containing a certain amount of the
metal precursor was added to the above NC solution with 2 h
sonication. After stirring for 12 h, the starting materials were
collected after a centrifuged washing process with methanol
and a drying process overnight at 60 °C in a vacuum oven. The
starting materials were labeled as nFe precursor-mCo
precursors-NC, where n and m refer to the molar ratios of
the initial Fe and Co precursors, respectively. The resulting
starting materials were annealed at 900 °C for 1 h under an Ar
atmosphere. The catalysts were denoted as nFe precursor/
mCo precursor/NC, where n and m refer to the molar ratios of
initial Fe and Co precursors, respectively. The details of all
combinations in this work can be seen in Table S1.

Characterizations. X-ray diffraction (XRD) patterns were
recorded by an X-ray diffractometer (Rigaku SmartLab SE) via
a Cu Ka source with a step of 1 = 1.54 A. Raman spectroscopy
(Raman) was performed using a micro-Raman spectrometer
(Thermo Fisher) excited by a 532 nm laser. The morphology
was analyzed by scanning electron microscopy (SEM, Hitachi
Regulus-8100) and transmission electron microscopy (TEM,
Hitachi H-7800). High-resolution TEM (HR-TEM) images

(FEI Tecnai F20), together with element mapping images,
were acquired on a JEOL-2100F and an aberration-corrected
high-angle annular dark-field scanning TEM (AC-HAADF-
STEM) system (JEOL JEM-ARM 200). The Brunauer—
Emmett—Teller (BET) surface areas were carried out by the
(Quantachrome Autosorb-IQ-MP, N,) surface area analyzer.
Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was carried out on an Agilent 5110. X-ray
photoelectron  spectroscopy (XPS) experiments were con-
ducted on a Thermo Scientific K-Alpha spectrometer with an
excitation source of Al Ka. The contents of Fe and Co in the
centrifuged supernatant were detected by an atomic absorption
spectrometer (AAS CONTR AA300, in C,H, air, the
wavelength of Fe is 248 nm and that of Co is 240 nm).
Thermogravimetry analysis (TGA) was performed on an STA
449 F3 instrument (Ar fluid, 20 °C/min). X-ray absorption
spectroscopy (XAS) was performed at the Shanghai Synchro-
tron Radiation Facility (SSRF) (beamline 11B) and Beijing
Synchrotron Radiation Facility (BSRF) (beamline 1W1B).
Electrochemical Measurement. Electrochemical meas-
urements were conducted in a three-electrode cell at room
temperature (~25 °C) on a CHI 760E electrochemical
workstation. The glassy carbon rotating disk electrode
(RDE), the rotating ring disk electrode (RRDE), Hg/
Hg,SO,, and a carbon rod were utilized as the working
electrodes, reference electrode, and counter electrode,
respectively. The catalytic ink was prepared by dispersing 2
mg of catalysts in a solution containing 8 uL of Nafion (sigma,
5wt %) solution and 392 uL of ethanol after 2 h sonication. 30
uL of catalytic ink was loaded on a glassy carbon electrode,
leading to the loading of about 0.76 mg cm > ORR
performance was tested by cyclic voltammetry (CV) in N,-
and O,-saturated 0.5 M H,SO, with a scanning rate of 50 mV
s™'. The ORR polarization curves were recorded in an O,-
saturated 0.5 M H,SO, solution with a rotation speed of 900
rpm and a scanning rate of S mV s™'. The ORR durability was
investigated by continuous potential cycling in an O,-saturated
0.5 M H,SO, solution between 0.6 and 1.0 V vs RHE with a
scan rate of 100 mV s™'. Four-electron selectivity by the RRDE
technique was determined by measuring the ring voltage at 1.3
V and calculating the H,O, yield. All testing potentials were
standardized to potential versus the reversible hydrogen
electrode (RHE) according to the following equation.

E(RHE) = E(Hg/HgZSO4) + EO(Hg/HgZSO4)
+ 0.059xpH (1)
The yield of hydrogen peroxide and the number of electron
transfers are calculated by the following equations
H,0, (%) = 200 X ,-

iaty (2)

z|

+

i

. i
ty 3)

n=4x

i, is the ring current, iy is the disk current, and N = 0.37 is the
Pt ring current.

Quantification of the Active Sites. The active site
density (SD) in the SFerrocene/2CoCl,/NC, SFe(OAc),/
2CoClL,/NC, SFe(NO;);/2CoCl,/NC, and SFeCl;/2CoCl,/
NC catalysts was measured using the method described by
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Figure 1. (a) HR-TEM image, (b) STEM image, and the elemental mappings of (c) N, (d) Fe, and (e) Co for SFerrocene/2CoCl,/NC.

Kucernak®® et al. The site density was calculated using the
following equations’

Q(AV ecm™?)*N, (atom mol ")
n W (Vs *F(sA mol )*L(g cm ™)
4)
where Q is the enlarged area, N is the Avogadro constant
(N4 = 6.02 X 10%), F is the Faraday constant (F = 96,485 C
mol™), n is the number of electrons associated with the
reduction of one nitrite per site (n = S), and L is the catalyst

loading during the reversible nitrite poisoning experiments
(0.27 mg cm™).

SDmass (Site gil) =

B RESULTS AND DISCUSSION

The Fe, Co DACs were synthesized by an adsorption—
annealing approach, using NC as supports and ferrocene,
FeCly, Fe(OAc), or Fe(NOj;);, and CoCl, as metal precursors.
The NC with a high surface area (1775 m” g™") was prepared
by the NaCl-assisted pyrolysis of ZIF-8. The SEM and TEM
images visualized the identical morphology of all samples to
that of NC supports (Figures S1—S3). No metal-based clusters
and nanoparticles were observed from the HR-TEM images
(Figures la and S4), indicating that metals were potentially
dispersed atomically on the NC supports. The corresponding
elemental mapping images of the representative SFerrocene/
2CoCl,/NC indicated the coexistence of Fe and Co metals in
the sample (Figure 1b—e).

The distributions of metal atoms were observed directly in
the AC-HAADF-STEM image. The lower-resolution AC-
HAADEF-STEM image does not show obvious aggregates
(Figure 2a), and some pairs of metal atoms (marked by red
circles) with a small site distance of ~2.5 A were also evidently
observed (Figure 2b), implying the formation of dual-atom
sites. The XRD analyses (Figure 2c) show similar diffraction
peaks at around 26 and 43°, which are attributed to the (002)
and (101) planes of graphitic carbon, respectively. Figure SS
shows the Raman spectra of SFerrocene/2CoCl,/NC,

SFerrocene/NC, and 2CoCl,/NC. The peaks at 1340 and
1580 cm™' belong to the disordered carbon (D band) and
graphite carbon (G band),'** respectively. Compared with
SFerrocene/2CoCl,/NC and 2CoCl,/NC, SFerrocene/NC
exhibits a higher I,/I; of 1.27, indicating the higher density of
defects formed in NC supports. The absence of metal-based
crystalline particles in the XRD pattern is consistent with the
TEM results.

The surface elemental information on the samples was
determined by XPS. The XPS survey spectra confirmed the
coexistence of N, Fe, and Co in the carbon support. The
spectrum was calibrated using the C 1s peak at 284.6 eV.
Figure 2d performs almost identical resolution C 1s. The peak
at 285.9 eV is assigned to the bonding of C—N, indicating the
formation of N-doped carbon.””" Figure 2e shows the N 1s
XPS spectra. All samples exhibit similar N contents (Table S2).
Through deconvoluting the high-resolution N 1s spectrum, the
peaks at 398.4, 399.2, 400.1, 401.1, and 403.1 eV are observed,
corresponding to pyridinic-N, M—N (M = Fe or Co), pyrrolic-
N, graphitic-N, and oxidized-N species, respectively.”” ° The
types of N and their contents are summarized in Table S3. The
results showed that the graphitic N and pyridinic-N are the
main N structures. The presence of M—N peaks suggested that
the metal atoms are stabilized by nitrogen. Due to the low
surface atomic contents in the XPS test, the Fe 2p and Co 2p
spectra of all the samples cannot be assigned to the apparent
peak (Figure S6).

The fine atomic structure, chemical state, and coordination
environments of Fe and Co species in SFerrocene/2CoCl,/
NC were investigated by XAS, including X-ray absorption
near-edge structure spectroscopy (XANES) and Fourier-
transformed (FT) extended X-ray absorption fine structure
spectroscopy (EXAFS). The Fe K pre-edges analyses show that
the adsorption edge position of Fe in the catalyst is between
FePc and Fe,0,, indicating the oxidation state of Fe (Figure
3a). The Fe K-edge FT EXAFS spectrum demonstrates a broad
peak in the range of 1—2 A and a peak at about 1.5 A (Figure
3b).%*” No obvious peak at >2 A is observed, indicating that

https://doi.org/10.1021/acsomega.3c06005
ACS Omega 2023, 8, 41708—41717


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06005/suppl_file/ao3c06005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06005/suppl_file/ao3c06005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06005/suppl_file/ao3c06005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06005/suppl_file/ao3c06005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06005/suppl_file/ao3c06005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06005/suppl_file/ao3c06005_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06005?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06005?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06005?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06005?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(g}

5FeCl,/2CoCl,/INC

5Fe(NO,);/2CoCl,/NC

5Fe(OAc),/2CoCl,/NC

Intensity (a.u.)

2CoCl,/NC

5Ferrocene/NC

d SFerrocene/2CoCl,/NC

5Ferrocene/NC

Intensity (a.u.)

2CoCl,/NC

204 202 290 288 286 284 282 280
Binding energy (eV)

5Ferrocene/2CoCl,/NC

Pyrrolic N
Pyridinic N

Graphitic

5Ferrocene/NC

Intensity (a.u.)

v

2CoCly/NC

5Ferrocene/2CoCl,/NC

AN

L T T

20 30 40 50 60
2 Theta (degree)

70 80

T T T T T
406 404 402 400 398 396
Binding energy (eV)

Figure 2. (a,b) AC-HAADF-STEM image of SFerrocene/2CoCl,/NC, (c) XRD patterns of samples. High-resolution (d) C 1s and (e) N 1s XPS

spectra of SFerrocene/2CoCl,/NC, SFerrocene/NC, and 2CoCl,/NC.

the atomically dispersed Fe is the main Fe moieties in the
SFerrocence/2CoClL,/NC. The atomic Co structure in the
catalyst is also analyzed by XANES and EXAFS spectra (Figure
3d,e). The coordination environments for Fe and Co were
further analyzed by EXAFS fits using Fe—N/O and Co—N
pathways (Figure 3c,f),”**” respectively. The fitting parameters
are summarized in Table S4. The results indicate the FeN,—O,
moiety and Co—N, coexist in the sample. Additionally, no Fe—
Co coordination information is detected, suggesting that the
Fe and Co atoms may be randomly dispersed on the NC
support.

The ORR performance of the obtained catalysts was tested
using an RDE technique in an O,-saturated 0.5 M H,SO,
solution, with all potentials referenced to the RHE. The ORR
performance of all Fe, Co DACs is better than that of NC
(0.691 V). The SFerrocene/NC sample showed good catalytic
activity toward the ORR with an onset potential (E,,.) of 0.83
V and a half-wave potential (E,;,) of 0.758 V (Figure 4a).
However, introducing Co atoms did not always result in Fe,
Co DACs being more active than the Fe single-atom catalysts

41711

(SAC). Specifically, SFerrocene/2CoCl,/NC and SFe(OAc),/
2CoCl,/NC exhibited enhanced ORR activity with higher E, /,
values of 0.774 and 0.768 V, respectively. SFeCl;/2CoCl,/NC
showed activity similar to that of SFerrocene/NC, while
5Fe(NO;);/2CoCl,/NC had decreased ORR activity with an
approximate 39 mV lower E;;, than that of SFerrocene/
2CoCl,/NC. Therefore, the Fe precursor plays an important
role in the ORR activity of Fe—N—C materials.

To determine the role of the Co metal, we prepared Fe, Co
DAC:s by increasing the amount of CoCl,. As shown in Figures
4b and S7, the ORR activity of Fe, Co DACs did not
significantly improve using a higher amount of CoCl,. For
Ferrocene and Fe(OAc), a slight increase in activity was
observed, while decreased activity was found for the FeCl;
precursor. Thus, it is difficult to improve the performance of
Fe, Co DACs by adjusting the amount of metal precursors.
The selectivity of catalysts toward the ORR was assessed
through tracking evaluated the formation of H,O,, which was
monitored using an RRDE technique. The H,0, yield of
SFerrocene/2CoCl,/NC was below 3% in the potential range
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edge XANES spectra of (a) Fe and (d) Co, EXAFS spectra of (b) Fe and (e) Co, and the corresponding fitting curves of (c) Fe and (f) Co.
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from 0.2 to 0.7 V (Figure 4c). The electron transfer number
was calculated to be ~4, indicating the four-electron process
for the formation of H,0. To evaluate its electrochemical
durability, SFerrocene/2CoCl,/NC was cycled from 0.6 to 1.0
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V at 100 mV s~ in an O,-saturated 0.5 M H,SO, solution.
After 10,000 potential cycles, the E, , only decreased by 14 mV
(Figure 4d) compared to that of SFerrocene/NC (Figure S8).
The initial decrease should be attributed to the dematerializa-
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tion of unstable Fe active sites. Some clusters are observed
from the AC-HAADF-STEM image after the stability test
(Figure S9), indicating that unstable Fe atoms demetallized
and formed the inactive Fe aggregates. It is well-known that the
doped N acts as an anchoring site for stabilizing metal atoms.>
Therefore, the XPS analysis was employed to investigate the
change in the N structure. After the stability test, as seen in
Figure S10 and Table S5, the N content of SFerrocene/
2CoCl,/NC was reduced from 3.37 to 1.85 at. %. The
graphitic N, pyridinic-N, and M—N contents were also
reduced, indicating that the decrease in the active sites
contributed to the declined ORR performance. Interestingly,
we found an increase in the limiting current. It is probably
because of the improved mass transport of the catalyst. The O,
dissolved in electrolyte can reach the three-phase boundary of
catalysts.

In order to explore the role of metal precursors on the ORR
activity, we then examined the porous property of samples.
The textural porosities of the catalysts were analyzed by N,
adsorption—desorption analysis. All samples exhibited typical
type IV isotherms with H2 hysteresis loops. The absorbed
volume increases quickly at a low relative pressure, revealing
the existence of micropores. The coexistence of micro- and
mesopores demonstrates the hierarchical porous feature
(Figure Sa). Based on the pore size distributions (Figure
Sb), all samples demonstrate similar micro- and mesoporous
structures. Additionally, the BET surface areas of micro- and
mesopores are also similar (Table S6). One can conclude that
the metal precursors have no obvious influence on the porous
structure of final products.

Then, we investigated the thermal stability of metal
precursors by TGA. It was observed that less weight loss
occurred when using the ferrocene and CoCl, precursors,
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whereas the Fe(NO;); sample exhibited a significant loss
(Figure S11). The high thermal stability of the metal
precursors may protect the metals from oxidation at low
temperatures, thereby minimizing the formation of metal
aggregates.éo

The site density (SD,,,,,) of the catalysts was measured by
the in situ electrochemical nitrite poisoning method. As shown
in Figure S12 and Table S7, SFerrocene/2CoCl,/NC,
5Fe(0OAc),/2CoCl,/NC, S5FeCl;/2CoCl,/NC, and SFe-
(NO;)3/2CoCl,/NC with the site density decreasing also
showed decreased ORR activities. Although SFerrocene/
ZCOCIZ/NC showed the highest SD,, (4.88 X 10" site
g™"), which was 5.4-times higher than that of SFe(NO;);/
2CoCl,/NC (8.92 X 10" site g™'), it was still much worse than
that in the reported work® (4.57 X 10?° site g~'), which led to
an ordinary ORR performance compared to other catalysts in
acidic solution (Table S8).

Next, we measured the loadings of Fe and Co in a series of
Fe, Co DACs using an inductively coupled plasma optical
emission spectrometer. The Fe, Co DAC with the highest Fe
and Co loadings (2.57 wt % Fe and 0.16 wt % Co) was found
to be SFerrocene/2CoCl,/NC, while the one with the lowest
metal loadings was observed (0.35 wt % Fe and 0.03 wt % Co)
to be SFe(NO;);/2CoCl,/NC (Figure Sc). The best ORR
activity was observed in SFerrocene/5CoCl,/NC, which can
be attributed to both high Fe and Co contents (Figure 5d).
Interestingly, we found that Fe always dominated the metal
content in Fe, Co DACs. Although we attempted to increase
the Co loading by using more CoCl,, both metal contents
decreased in 2Ferrocene/5CoCl,/NC (1.33 wt % Fe and 0.05
wt % Co), resulting in a decline in activity. This suggests that it
is challenging to improve both Fe and Co loadings by adjusting
the metal precursors. Therefore, we predict that the metal
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Figure 6. (a) Loss of precursors after the washing process, and (b) corresponding loading amounts of Fe and Co and E, ;, of samples containing

different types, contents, and ratios of Fe and Co precursors.

loading strongly depends on the adsorption ability of metal
precursors on the NC supports.

Interestingly, Mehmood and co-workers®’ demonstrated
that Fe active sites are more favored to be formed on a
nitrogen-doped carbon matrix than Co, leading to a much
higher content of Fe (e.g., 0.03 wt % Co versus 0.46 wt % Fe).
The chemistry coordination between different metal precursors
may play a key role in the formation of active sites on the
nitrogen-doped carbon matrix. Inspired by this work, we
further comprehensively investigate the difference of adsorp-
tion ability of NC toward various combinations of Fe and Co
precursors. The loss of metal precursors from the NC supports
after using a centrifugal washing process was measured by
using an atomic absorption spectrometry (AAS) method. We
considered a series of combinations based on different metal
precursors and their initial molar ratios. Digital photographs of
the supernatant color for different samples can be seen in
Figure S13. The centrifugal supernatant displayed the obvious
color of Fe precursors, such as samples with Fe(NO;); and
FeCl;. The initial amounts and loss of Fe and Co precursors
are summarized in Table S9. As shown in Figure 6a, a
significant loss occurred for all metal precursors after the
washing process, indicating the difficulty of the adsorption—
annealing method for synthesizing dense SACs. Specifically, for
the initial ratios of 5:2 for Fe and Co precursors, the ferrocene
showed only a 20% loss, while Fe(OAc), had a 57% loss and
FeCl, and Fe(NO,); had a 70% loss.

When ferrocene is used, Co(acac); displayed the best
adsorption on the NC with the smallest loss of 50%.
Importantly, 50—90% of Co precursors were lost, which is
more than Fe precursors, indicating possible adsorption
competition between Fe and Co precursors. It is worth noting
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that the Fe precursors always win this competition. When the
initial ratio of Fe and Co precursors is increased from 5:2 to
2:5, the residual Co precursors are still much lower than that of
Fe precursors. As a result, the Fe loadings in the final catalysts
are much higher than that of Co. Among these combinations,
terrocene and CoCl, are the best compositions for synthesizing
Fe, Co DACs. The adsorption property of metal precursors
greatly influences the final metal loading (Table S10), which in
turn affects the ORR performance (Figures 6b and S14). First,
the ORR activity of Fe, Co DACs is mainly determined by the
Fe loading due to its higher intrinsic activity than that of Co.
Second, increasing the Co loading can further improve the
ORR activity. Lastly, Sferrocence/5CoCl,/NC exhibits the
best ORR activity due to its high Fe and Co contents. In order
to confirm the existence of adsorption competition between Fe
and Co precursors, we synthesized various carbon materials,
including N-doped graphene (NG), ZIF-8-derived NC without
using NaCl (NC-1000), and ZIF-8-derived NC with NaCl
annealed at 1000 °C [NC(Na)—1000] (see details of
preparation in the Supporting Information). The adsorption
behaviors of Fe and Co on these carbon supports were studied.
Figure SIS shows the adsorption behaviors of Fe and Co on
various carbon supports. The results consistently demonstrated
that Fe precursors have a higher affinity for adsorption
compared to Co precursors in most cases (Figure S1S and
Table S11). Interestingly, a combination of ferrocene and
CoCl, exhibited the most favorable adsorption behavior on the
carbon supports. These findings further confirm the domi-
nance of Fe precursors in the adsorption competition and shed
light on the potential benefits of using specific combinations of
precursors for effective DAC synthesis on carbon materials.
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B CONCLUSIONS

In summary, we have demonstrated various Fe, Co DACs
using adsorption—annealing methods. A series of combinations
of Fe and Co precursors were studied based on different metal
precursors and their initial mole ratios. The correlation of the
resulting Fe and Co loadings in the final samples and ORR
activity has been established. The adsorption ability of metal
precursors has been demonstrated to be responsible for the
difference in Fe and Co loading in final catalysts. Surprisingly,
the Fe precursors always win the adsorption competitions,
leading to a much higher loading than that of Co. The results
suggested that maintaining the ratio of Fe and Co precursors,
for instance, without the washing process, may help adjust the
Fe and Co loadings. Unfortunately, it usually causes serious
metal aggregates rather than isolated atoms on the NC support
(Figure S16). The findings of this work will stimulate the
exploration of highly active, controllable nitrogen-doped
carbon-supporting DACs and their electrochemical properties.
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