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ABSTRACT

Dual-metal catalysts with synergistic effect exhibit enormous potential for sustainable electrocatalytic applications and
mechanism research. Compared with mono-metal-site catalysts, dual-metal-site catalysts exhibit higher efficiency for the oxygen
evolution reaction (OER) due to reduced energy barrier of the process involving proton-coupled multi-electron transfer. Herein,
we construct dual-metal Fe-Co sites coordinated with nitrogen in graphene (FeCo-NG), which exhibits high OER performance
with onset overpotential of only 126 mV and Tafel slope of 120 mV-dec™, showing that the rate-determining step is controlled by
the single-electron transfer step. Theoretical calculations reveal that the FeN, site exhibits lower OER overpotential than the
CoN, site due to appropriate adsorption energy of OOH* on the former, while the O* adsorbed on the adjacent Co site could
stabilize the OOH* on the FeN, site through hydrogen bond interaction.
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1 Introduction

The oxygen evolution reaction (OER) plays a conspicuous part in
electrolytic water and electrochemical carbon dioxide reduction [1,
2]. Usually, a high overpotential (> 300 mV) should be applied in
the anode to conquer the tardy OER kinetics, resulting in low
energy utilization [3,4]. Thereby, the development of cost-
effective and high-performance OER catalysts has been getting
increased attention [5-7]. In the last few decades, Co-Fe based
catalysts, including oxides, oxyhydroxides, chalcogenides, nitrides,
phosphides, and carbon-based composites [8,9], showed high
OER performance in alkaline media due to a cooperation
mechanism between Co and Fe. Although many findings
demonstrate that the coexistence of Co and Fe can greatly increase
OER performance, the identification of the catalytically active
centers in Co-Fe based electrocatalysts is still challenging [10, 11].
Therefore, different attitudes have been held regarding whether
Co or Fe makes up the active centers.

Smith et al. used time-resolved in situ X-ray absorption
spectroscopy (XAS) measurements to reveal that the OER took
place primarily at di-p-oxo bridged Co-Co and di-p-oxo bridged
Fe-Co sites on Fe-Co oxides [12]. Furthermore, Zhu et al. found
that Co* centers with oxygen vacancies favored the adsorption of

water molecules and the introduction of Fe** can accelerate the
oxidation of Co™ to Co*, thus increasing OER activity [13].
However, Boettcher et al. used operando XAS measurements to
reveal that the Fe species were partially oxidized and the Fe-O
bond shortened during OER on the Co(Fe)O,H,, while the Co™
ions were not oxidized to higher valence state, suggesting that Fe
species played a pivotal role in the OER [14]. Moreover, Yeo et al.
used in situ XAS analysis to find that the coordination number of
Fe sites decreased during OER and they proposed that Fe centers
with oxygen vacancies should be the active sites on Fe**/CoO,
catalysts for water oxidation [15]. Although there is increasing
evidence that iron might be the active center for the OER on Co-
Fe-based oxides, the OER activity of FeO, is far lower than that of
CoO, due to decreased strength of the OH,~M™ interaction,
implying that monometallic Fe-based oxyhydroxides are not
excellent catalysts for the OER [16]. Therefore, iron element was
frequently used as an dopant to improve the OER performance of
Co- and Ni-based materials [8].

Recently, diatomic Fe-based electrocatalysts exhibited higher
electrocatalytic performance than single-atom electrocatalysts for
OER [17, 18], oxygen reduction reaction [18-20], CO, reduction
[21,22], and N, reduction [23,24]. The well-defined atomic
structure and tunable coordination configuration of single-atom
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catalysts (SACs) gives us a better understanding of the catalytically
active sites and the reaction mechanism on bimetallic Fe-based
catalysts for the OER [25, 26]. For instance, Sun et al. found that N-
coordinated Ni-Fe diatomic sites showed higher OER activity than
monometal-doped counterparts [18]. Due to different adsorption
energies toward OER intermediates on Fe and Ni sites, OH* and
O* were adsorbed at Fe sites, while OOH* was formed at Ni sites,
which greatly reduced reaction energy barrier. Using in situ XAS
measurements, Patzke et al. found that both Ni and Fe sites took
part in the *OH deprotonation process, and the O-O bond was
formed at the Ni-O-Fe site on a dual-site NiFe SAC during the
OER [27]. Hu et al. introduced 10 ppm Fe* into the KOH
electrolyte and found that the OER performance of atomic Co-N-
C can be greatly enhanced [17]. Using operando XAS analysis,
they revealed that the formation of dual-metallic Co-O-Fe sites
promoted the OER kinetics. As far as we are aware, direct
fabrication of dual-atom Fe-Co catalysts and an in-depth
understanding of the structure—function relationship of Fe and Co
during OER have not been achieved in previous works. Moreover,
the investigation of dual-site SACs for OER is still immature, and
the fabrication of two kinds of metal ions with adjustable
coordination environment on the same substrate remains
challenging.

In this work, we fabricate atomically dispersed N-coordinated
Fe-Co dual-sites onto N-doped graphene (FeCo-NG), which
exhibits much higher OER activity than single-site catalysts. XAS
measurements reveal that both Fe and Co ions are isolated and
coordinated with four nitrogen atoms. Density functional theory
(DFT) calculations reveal that dual-metal Fe-Co sites show lower
OER overpotential than standalone FeN, and CoN, sites due to
synergic action between adjacent Fe and Co sites.

2 Results and discussion

2.1 Structural characterization

The synthetic procedure of FeCo-NG is schematically
demonstrated in Fig. 1(a). Fe’*/GO (GO: graphene oxide),
Co/GO, and Fe**-Co*/GO precursors were mixed with urea and
annealed in N, to obtain Fe-NG, Co-NG, and FeCo-NG,
respectively. Without urea, the obtained product was nominated
as Fe-G, Co-G, and FeCo-G, respectively. From the X-ray
diffraction (XRD) patterns (Fig.S1 in the Electronic
Supplementary Material (ESM)), no obvious peaks due to Fe/Co-
based nanoparticles can be found, indicating that the Fe/Co-based
species were highly dispersed onto the graphene (G) or N-doped
graphene (NG) supports. Moreover, the peak at 25.6° in the
graphene is shifted to 26.6° after N-doping, suggesting that N-
doping can modulate the structure of graphene [28,29].
Furthermore, after doping Fe and Co into G and NG, this peak
becomes much weaker, implying that Fe and Co ions were
successfully immobilized into the lattice structure [18,30]. The
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images further verify that no
obvious Fe/Co-based nanoparticles were formed on the NG
support (Fig. 1(b)) and Fe/Co ions were atomically dispersed (Fig.
1(c)). From the EDX mappings, Fe, Co, and N species are
uniformly dispersed onto the graphene support (Figs. S2 and S3 in
the ESM). The mass loadings of Fe and Co in the FeCo-NG are
both ca. 1.2 wt.% as determined by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) measurements.

The surface composition and elemental state of FeCo-NG were
analyzed by X-ray photoemission spectroscopy (XPS). The survey
spectrum indicates the co-existence of C, N, O, Fe, and Co
elements (Fig.S4 in the ESM). The Fe 2p;, and Fe 2p,, are
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Figure1 (a) Schematic of the synthetic process of FeCo-NG. (b) and (c)
HAADF images, (d) Fe 2p XPS spectrum, and (e) Co 2p XPS spectrum.
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centered at 711.0 and 724.4 eV, respectively (Fig. 1(d)), illustrating
that the dominant oxidation state of Fe is +2 valence [31]. The Co
2ps, is centered at 781.0 eV (Fig. 1(e)), characteristic of Co* [32].
The N 1s spectrum can be deconvoluted into five typical peaks at
398.0, 398.6, 400.2, 401.0, and 402.5 eV, attributed to pyridinic-N,
Fe/Co-N,, pyrrolic-N, graphitic-N, and oxidized-N, respectively
[27,33]. To further identify the local structures and oxidation
states of Fe and Co ions in the FeCo-NG, Ni, XAS measurements
were performed. The absorption Fe K-edge of FeCo-NG is located
between Fe foil and Fe,O; and almost overlaps with FePc (Fig.
2(a)), indicating that the average valence state of Fe species is Fe*
in agreement with the XPS results. The coordination
environments of the Fe and Co ions in the FeCo-NG are
compared with FePc and CoPc in the K range (Fig. S5 in the
ESM), respectively, showing similar coordination environments,
which suggests that the Fe and Co ions in the FeCo-NG might
coordinate with nitrogen atoms. The Fourier-transform extended
X-ray absorption fine structure (FT-EXAFS) spectrum at Fe K-
edge of FeCo-NG exhibits a main peak located at around 1.78 A
(Fig. 2(b)), which can be ascribed to Fe-N/O bond [34]. The fitted
FT-EXAFS spectrum exhibits that the bond length of Fe-N
coordination is 1.99 + 0.02 A and the coordination number is
46 £ 0.7 (Fig.2(c) and Table S1 in the ESM). Similarly, the
absorption Co K-edge of FeCo-NG is very close to that of CoPc,
but far away from those of Co foil and Co;O, (Fig.2(d)),
indicating that the average valence state of Co species is Co* in
agreement with the aforementioned XPS results. The FT-EXAFS
spectrum at Co K-edge of FeCo-NG illustrates a main peak
located at around 1.67 A (Fig. 2(e)), which can be attributed to
Co-N/O bond. The fitted FT-EXAFS spectrum shows that the
bond length of the Co-N coordination is 1.88 + 0.03 A and its
coordination number is 4.1 + 0.4 (Fig. 2(f) and Table S1 in the
ESM).

2.2 Electrocatalytic OER performance

The electrocatalytic OER performance of the FeCo-NG was
measured in 1 M KOH solution. For comparison, the catalytic
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Figure2 (a) XANES spectra at Fe K-edge of FeCo-NG and referred samples. (b) EXAFS spectra at Fe K-edge. (c) FT-EXAFS fitting spectrum at Fe K-edge of FeCo-
NG. (d) XANES spectra at Co K-edge of FeCo-NG and referred samples. (e) EXAFS spectra at Co K-edge. (f) FT-EXAFS fitting spectrum at Co K-edge of FeCo-NG.

OER performance of Fe-G, Fe-NG, Co-G, Co-NG, FeCo-G, and
RuO, was also studied. The OER activity of isolated single-atom
Fe/Co sites can be significantly improved by N-coordination (Fig.
3(a)). For example, the overpotential (#7;,) at 10 mA-cm™ for Fe-
NG, Co-NG, and FeCo-NG is 422, 408, and 276 mV, respectively,
which is much lower than that for N-free Fe-G (574 mV), Co-G
(468 mV), and FeCo-G (370 mV). The Tafel slope of FeCo-NG is
measured as 120 mV-dec' (Fig. 3(b)), close to that of Co-G
(113 mV-dec'), FeCo-G (137 mV dec'), and RuO,
(110 mV-dec™), implying that the OER is controlled by the single-
electron transfer step [35,36]. Since the Tafel of FeCo-NG is
obviously different from that of Fe-NG (91 mV-dec™) and Co-NG
(85 mV-dec"), a different reaction kinetics may occur between
them. The FeCo-NG exhibits better OER performance than
commercial RuO, (77,0 = 352 mV) and most state-of-the-art N-
doped FeCo-based materials reported recently (Fig. 3(c)), such as
Fe/Co double hydroxide/oxide nanoparticles on N-doped CNTs
(FeCo-DHO/NCNTs, 75 = 320 mV) [37], Fe-Co nanoparticles on
N-doped carbon (Cos,FeygN, 7,9 = 318 mV) [38], N and Fe co-
doped CoO nanoparticles (Co,goFe;;,O-N, #,, = 304 mV) [39],
metal-organic-framework-derived Fe-Co-O/Co metal@N-doped
carbon on Ni foam (Fe-Co-O/Co@NC/NF, 7, = 299 mV) [40],
carbon aerogels containing Fe-Co bimetal sites (NCAG/Fe-Co,
10 = 293 mV) [41], cobalt-iron nitrides on N-doped multi-walled
carbon nanotubes (Co-Fe-N@MWCNT, #,, = 290 mV) [42],
highly-dispersed Fe/Co/N on graphene (FeCoN-Gs, 7, =
288 mV) [43], and Fe-Co anchored on N-doped porous carbon
(Fe-Co/NC-800, 770 =279 mV) [44].

The influence of annealing temperature on the OER
performance of FeCo-NG was investigated (Fig. 3(d)). The OER
activity increases with raising the annealing temperature and
achieves the best effect at 750 °C. Further increasing the annealing
temperature results in worse catalytic performance, implying that
the annealing temperature will influence the coordination
structure of isolated single-atom Fe and Co and therefore affect
the electrocatalytic activity [45]. In addition, we investigated the
influence of Fe-doping content in the FeCo-NG on the OER
performance (Fig. S6 in the ESM). With increasing the Fe-doping
content, the OER performance can be gradually increased and
reaches a maximum when the initial Fe-doping content is
0.6 wt.%. Further increasing the Fe-doping content would result in
the decrease in OER activity due to the agglomeration of metal
species during the annealing process.

To compare available active sites on various catalysts for the
OER, the electrochemically active surface area (ECSA) was
measured by calculating from the electrochemical double-layer
capacitance (Figs. S7-S12 in the ESM). For Fe-G, Fe-NG, Co-G,
Co-NG, FeCo-G, and FeCo-NG, the ECSA is 154, 46.9, 122.5,
186.5, 281.8, and 340.7 cmy’, respectively. The order of the ECSA
agrees with the order of the electrocatalytic activity obtained by the
linear sweep voltammetry (LSV) measurement. The N-doping can
vastly enhance active sites, thus improving OER activity.
Moreover, dual-metal doping can also increase active sites due to a
cooperation mechanism, thus enhancing catalytic performance.
To further study the OER kinetics, electrochemical impedance
spectroscopy (EIS) spectra of various samples were conducted
(Fig. 3(e)). The charge-transfer resistance (R,) for the Fe-G, Fe-
NG, Co-G, Co-NG, FeCo-G, and FeCo-NG is measured to be 465,
186, 63, 33, 65, and 24 Q cm’, respectively. As expected, Fe-G
shows the largest R .. Introduction of N dopant and/or Co element
can dramatically decrease the R, and Co/N-codoped into the Fe-
based system exhibits the lowest Ry, which is favorable for the
OER process.

The OER stability of FeCo-NG was tested via the
chronoamperometry at a constant potential for 15 h (Fig. 3(f)).
The FeCo-NG exhibits a small degradation of 6.6% after
continuous testing for the OER, indicating excellent
electrocatalytic stability. The metal valence state of FeCo-NG after
OER testing was analyzed by XPS (Fig. S13 in the ESM). Partial
Fe* and Co™ were oxidized to Fe* and Co* during OER due to
the formation of FeN,-OH and CoN,-OH species, which should
be key intermediates for the reaction as revealed by the following
theoretical calculations.

2.3 DFT calculations

To rationalize the enhancement of OER activity in FeCo-NG, we
performed first-principles DFT calculations to illustrate the effects
of dual-metal sites in enhancing OER reactivity. We proposed the
active site in the FeCo-NG catalyst to be separate single CoN, and
FeN, in adjacent as shown in Fig. 4 since the XAFS results only
show Fe/Co-N, coordination without Fe-Co coordination. We
searched for optimal spin states for both Co and Fe centers. It is
shown that the FeN, center possesses the intermediate spin state,
while the CoN, center possesses the low spin state. The detailed d-
orbital configurations for the FeN, and CoN, centers in the dual
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Figure3 (a) OER polarization curves of Fe-G, Fe-NG, Co-G, Co-NG, FeCo-G, FeCo-NG, and commercial RuO,. (b) Tafel slopes and (c) comparison of
overpotentials at 10 mA-cm™ and Tafel slopes. (d) Influence of annealing temperature on the OER performance of FeCo-NG (inset: Tafel slopes). (¢) Nyquist plots and

(f) chronoamperometric response of FeCo-NG.
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Figure4 Atomic structures, spin states, and free energy diagrams (FEDs) of OER on various catalytic site: (a) CoN, site, (b) FeNj site, (c) FeN,O-CoN, site, and (d)

FeN,-CoON;site.

FeN,-CoN, model are shown in Figs. 4(c) and 4(d). It should be
noticed that the spin states of Fe and Co centers in the dual FeN,-
CoN, model do not shift as compared to single CoN, and FeN,
sites. The Fe-N and Co-N bond lengths are 1.91 and 1.88 A,
respectively, which are close to the EXAFS fitting results. We
employed DFT + U method to evaluate the theoretical OER
overpotentials (1or) on Fe and Co sites in the dual FeN,-CoN,
model and compared with standalone FeN, and CoN, sites.
Under OER conditions, the Fe and Co centers are oxidized
because of high anodic potential. It is calculated that the FeN, site
is oxidized to FeON, at U = 0.94 V, while the CoNj, site can be
oxidized at a higher potential of U = 1.16 V. Consequently, we set
one of the dual sites oxidized when we examine the OER activity
of the other site. Based on the model, we calculated the binding
energies of OER intermediates and then evaluated #ggz. The CoN,
site has an #ggp of 0.61 V due to the relatively weak adsorption of
OOH' (Fig.4(c)). Comparing to the standalone CoN,, the
overpotential is increased by 0.06 V because higher gap between
O* and OOH* (AGy-AGqop). The FeNy site has an #opg of 0.58 V
with the potential-limiting step being the O* to OOH* step due to
relatively strong adsorption of O* (Fig. 4(d)). The overpotential is
lower than standalone FeN, site due to stabilized adsorption of
OOH*, which lowers the gap between O* and OOH*. The

TSINGHUA
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stabilization of OOH?* is attributed to the attractive hydrogen
bond between O* adsorbed on Co and OOH* on Fe. We
purposely turned the OOH" on FeN, away from the adsorbed O
by 180° and recalculated the adsorption energy of OOH' (Fig. S14
in the ESM). It turns out that the OOH" adsorption is destabilized
by 0.1 eV, which demonstrates the role of hydrogen bonding in
OOH’ stabilization. Overall, we have demonstrated that the FeN,
in the dual model has the lowest OER overpotential because of the
stabilization of OOH* as a result of attractive hydrogen bonding
between the adjacent Co and Fe sites.

3 Conclusions

In summary, we have successfully fabricated atomically dispersed
dual-metal Fe-Co sites embedded onto N-doped graphene by one
step process. The FeCo-NG exhibited excellent OER performance
with low overpotential of 276 mV, over which the reaction is
controlled by the single-electron transfer step. Structure
characterizations showed that Fe and Co are both coordinated
with four nitrogen atoms. DFT calculations revealed that the OER
might mainly take place on the FeN, site due to appropriate
adsorption of OOH* intermediate, while O* adsorbed on the
adjacent Co site could stabilize the OOH* through hydrogen bond
interaction.
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