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SUMMARY

Transition metal sulfides have been demonstrated to be more active
electrocatalysts than the corresponding (hydr)oxides for oxygen
evolution reaction (OER). The nature of active sites, however, re-
mains unclear. Here, we study whether S could promote the OER ac-
tivity of FeCoOOH and try to identify the catalytically active centers.
Density functional theory suggests that two coordinating S could
work synergistically with one adjacent Fe to optimize the electronic
states of Co, resulting in decreased binding energy of OH* (DEOH)
while little changed DEO, and thus significantly lowering the cata-
lytic overpotential. Further experimental studies validate the syner-
gistic effect between S and Fe on tuning the electronic structure and
the greatly improved catalytic activity with a small overpotential of
225.3 mV to drive 20 mA cm�2. This study reveals the origin of the
high catalytic activity of transition metal sulfides and provides in-
sights into the design of efficient OER electrocatalysts.

INTRODUCTION

Electrochemical water splitting powered by renewable energies has been consid-

ered as a promising strategy for eco-friendly and sustainable hydrogen production.1

However, for electrochemical water splitting to make a significant technological

impact, it requires highly active non-precious catalysts to drive the kinetically slug-

gish oxygen evolution reaction (OER).2 To date, the most promising candidates

are earth-abundant transition-metal catalysts.3,4 Among them, transition metal

(hydr)oxides have been the most widely investigated, with some now surpassing

the catalytic performance achieved by benchmark IrO2 and RuO2 catalysts.
5,6 Inter-

estingly, there are also increasing reports claiming that some transition metal chal-

cogenides, nitrides, phosphides, aqnd so forth display apparent catalytic perfor-

mance that is better than the corresponding (hydr)oxides.7–11 Since these catalysts

are thermodynamically unstable in alkaline media under OER potentials and can

be easily oxidized to oxyhydroxides, the origin of the enhanced catalytic perfor-

mance is still unclear.12 Some previous studies have stated that the original catalysts

determine the OER performance under operational conditions,12,13 which is

misleading and incorrect as they undergo phase transitions during catalysis.14,15 A

few studies attributed the high catalytic activity to the in situ-formed amorphous oxy-

hydroxides or the synergistic electronic interactions between different components.

However, these speculations do not have enough experimental evidence and strong

theoretical support.16,17 Therefore, a systematic investigation of the evolution of the

electronic structure during catalysis and the associated change of the catalytic activ-

ity holds the key for a better understanding of the catalytic mechanism.
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Here, we take one of the most effective OER catalysts of FeCoOOH as an example

and incorporate the S element to investigate its role in determining the catalytic ac-

tivity. Our theoretical calculations predict that two coordinating S and one adjacent

Fe could synergistically tune the electronic states of Co to a near-optimal value,

leading to decreased binding energy of OH* with little changed binding energy of

O*, and consequently achieving a low catalytic overpotential. We experimentally

validate the prediction by synthesizing partially sulfurized Fe-doped atomically

thin Co(OH)2 nanosheets. The electron energy loss and X-ray absorption confirm

the modulation of the electronic structure after S incorporation under OER condi-

tions and the electrochemical characterizations show dramatically enhanced cata-

lytic activity with a record low overpotential of 225.3 mV to drive 20 mA cm�2.
RESULTS AND DISCUSSION

Theoretical insights into the catalytic mechanism

Hubbard-corrected density functional theory (DFT; DFT + U) calculations were first per-

formed to gain insight into the role of S in modulating the intermediate energetics and

consequently determining the catalytic activity. The crystal structures of FeCoOOH with

different S doping levels and positions were used to construct the periodical structural

models, and the (01-12) facetwas selectedas the surface terminationdue to that the theo-

retical prediction based on this facet is in good agreement with the experimental result

(Figure S1).18,19 To better disclose the catalytic activity origin, all of the potential active

sites on the (01-12) facet have been taken into account. Figure 1A shows the structure

of FeCoOOH-2S and the OER pathway, which involves four sequential proton-coupled

electron transfer steps and the formation of OH*, O*, and OOH* intermediates.20 The

calculated Gibbs free energies (DGi*, i = OH, O, and OOH) for each step of the reaction

pathway were provided in Figure 1B. As can be seen, the potential-determining steps of

Co sites and Fe sites are OH*/O* and O*/OOH*, respectively, due to their relatively

higher energybarriers. Ingeneral, thedifferencesbetweenDGO*andDGOH* (i.e.,DG2) on

Co sites are smaller than the differences betweenDGOOH* andDGO* (namelyDG3) on Fe

sites, and therefore Co sites rather than Fe sites serve as the OER active centers, which is

consistent with some theoretical and experimental studies.21,22

Based on the calculated Gibbs free energies (DGi*), adsorption energies (DEi*), and

binding energies (DEi) of OH* and OOH* on different metal sites, scaling relations

can be established and expressed as DGOOH* = DGOH* + 3.00 eV (Figure 1C),

DEOOH* = DEOH* + 2.97 eV (Figure S2A), and DEOOH = DEOH + 1.13 eV (Figure S2B),

respectively.23,24 An overpotential volcano plot could be further created by applying

the relation of DGOOH* = DGOH* + 3.00 eV, which provides a clear picture of the cat-

alytic activities of different metal sites (Figure 1D). The catalytic activities of Co sites

located on the right leg of the volcano are determined by the transformation from

OH* to O*. By contrast, those of Fe sites distributed around the left leg are restricted

by the transformation fromO* to OOH*. The top of the volcano represents the high-

est activity that the considered catalyst systems can reach. It is clear that the doping

of S has an obvious effect on the intermediate energetics of Co and Fe, and conse-

quently on their catalytic overpotentials. In particular, the Co site in FeCoOOH-2S,

which is coordinated with two S sites and adjacent to one Fe site, is the closest to the

top of the volcano, and thus is the most active center for OER.

Through the comparison of the overpotentials of FeCoOOH (463 mV), FeCoOOH-

1S0-Co1 (418 mV) and FeCoOOH-2S-Co (344 mV), it can be concluded that within

a certain range of S concentration, the catalytic activity of FeCoOOH increases

with increasing doping level. An in-depth understanding of this phenomenon was
2 Cell Reports Physical Science 2, 100331, February 24, 2021



Figure 1. Tuning OER intermediate energetics of FeCoOOH via S doping

(A) Crystal structure of FeCoOOH-2S and OER pathway on the (01-12) facet.

(B) Gibbs free energy profiles along the reaction pathway.

(C) Scaling relation between DGOOH* and DGOH*.

(D) Volcano plot of overpotential as a function of DGO* � DGOH* based on the scaling relation.

(E) Calculated PDOS of Co 3d in FeCoOOH, FeCoOOH-1S0, and FeCoOOH-2S, and binding energies of OH* and O*.

(F) Contour plot of theoretical overpotential as functions of DEOOH � DEO and DEOH, indicating the near-optimal intermediate binding energies

achieved by two S dopants.
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achieved by calculating the partial density of states (PDOS) of Co 3d in FeCoOOH,

FeCoOOH-1S0, and FeCoOOH-2S (Figure 1E). As can be seen, a pronounced peak

close to the Fermi level is observed in FeCoOOH. The incorporation of one S dopant

causes a shift of the peak away from the Fermi level, resulting in decreasedDEOH and

DEO.
25 Since the DEOH decreases more obviously than DEO, a lower overpotential

results for FeCoOOH-1S0 to drive the OER. In comparison, the incorporation of

two S dopants not only negatively shifts the peak but also apparently decreases

the peak intensity, which dramatically lowers DEOH but has little impact on DEO,

and therefore leads to the smallest overpotential and the highest catalytic activity.

By utilizing the relationship between the intermediate binding energies and the cat-

alytic activity, it is easy to construct a 3D overpotential contour plot as functions of

DEOOH � DEO and DEOH. As shown in Figure 1F, the overpotential decreases

when the color varies from blue via cyan to green and then via yellow to red. It is intu-

itively clear that the overpotential of FeCoOOH-Co locates in the yellow region. By

increasing the doping level of S, the overpotential moves to the yellow/red bound-

ary and finally to the red region, where FeCoOOH-2S-Co possesses near-ideal inter-

mediate binding energies and near-optimal catalytic activity. This contour plot gives

a clear picture of the role of S in tuning the intermediate binding energies and conse-

quently determining the OER catalytic activity.

Material synthesis and structure characterization

To experimentally validate the theoretical predictions, partially sulfurized atomi-

cally thin Co(OH)2 with Fe doping (ATCH-Fe-S) was prepared as the pre-catalyst.
Cell Reports Physical Science 2, 100331, February 24, 2021 3



Figure 2. Synthesis and characterization of ATCH-Fe-S

(A) Schematic illustration of the synthetic procedure.

(B) SEM image showing the nanosheet morphology.

(C) High-resolution HAADF-STEM image and SAED pattern (inset) exhibiting the mixed phases of a-Co(OH)2 and CoS.

(D) AFM image and height profile along the straight line in the image.

(E) HAADF-STEM image and elemental maps of Co, Fe, O, and S.
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The synthetic procedure is shown in Figure 2A. Co(OH)2/P123 intermediates were

synthesized and grown on Ni foam via a hydrothermal assembly approach.26 Then,

the surfactant of P123 was removed by washing with water and ethanol, and atom-

ically thin Co(OH)2 nanosheets (ATCH) were obtained. After that, the nanosheets

were partially sulfurized under hydrothermal reaction by using thioacetamide as

the S source. Finally, Fe ions were incorporated via a wet-impregnation method

involving chemical adsorption and cation exchange,27 leading to the formation

of ATCH-Fe-S. The ATCH-Fe-S has an ultrathin nanosheet morphology with a

lateral size >2.0 mm as observed by scanning electron microscopy (SEM) (Figures

2B and S3). The high-resolution scanning transmission electron microscopy (HR-

STEM) image (Figure 2C) shows the lattice fringes of 2.60 and 2.30 Å correspond-

ing to the (102) and (105) facets of a-Co(OH)2, respectively,
28,29 and the spacing of

2.92 Å is associated with the (100) facet of CoS.30 The mixed phases of aa-Co(OH)2
and CoS were confirmed by the selected area electron diffraction (SAED) patterns

(inset of Figure 2C). The nanosheets possess a thickness of 1.54 nm as measured

by atomic force microscopy (AFM) (Figure 2D), and thus could provide abundant

active sites for the catalytic reaction. The high-angle annular dark-field STEM

(HAADF-STEM) image and corresponding energy-dispersive X-ray spectroscopy

(EDS) analysis show the existence of Co, Fe, O, and S elements and their
4 Cell Reports Physical Science 2, 100331, February 24, 2021
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homogeneous distributions throughout the nanosheets (Figures 2E and S4). The

ATCH, ATCH-S, and ATCH-Fe were also prepared for comparison according to

the synthetic procedure shown in Figure 2A. Their X-ray diffraction (XRD) patterns

(Figure S5) show a pure phase of a-Co(OH)2 (Joint Committee on Powder Diffrac-

tion Standards [JCPDS] card no. 51-1731) for ATCH and ATCH-Fe,31 and mixed

phases of a-Co(OH)2 and CoS (JCPDS card no. 65-3418) for ATCH-S and ATCH-

Fe-S.32 The doping ratios of Fe to total cation content determined by the induc-

tively coupled plasma-optical emission spectroscopy (ICP-OES) and the atomic

percentage of S to total anion content according to the EDS analysis are

�7.46% and �18.60%, respectively (Table S1).

Electronic structure modulation induced by S doping

The as-synthesized pre-catalysts will be converted into the theoretically modeled

structure under an appliedOER potential of 0.70 V versus Hg/HgO. X-ray photoelec-

tron spectroscopy (XPS) was used to understand the phase transition. As shown in

Figure 3A, the Co 2p spectra of the pre-catalysts were fitted by multiple Gaussian

functions, and the Gaussian peaks of Co 2p3/2 located at �780.22, 782.60,

785.95, and 789.21 eV are characteristic peaks of Co(OH)2.
33 Compared with the

Co 2p3/2 of ATCH and ATCH-Fe, extra peaks centered at�778.18 eV were observed

in those of ATCH-S and ATCH-Fe-S, which are assigned to the Co-S bond in CoS.34

After applying 0.70 V versus Hg/HgO, the Co 2p3/2 spectra can be fitted into 4 new

peaks at �779.49, 780.67, 782.48, and 789.33 eV (Figure 3B), which are character-

istic peaks of CoOOH.33 In addition, the CoS peaks disappear in the spectra of

ATCH-S and ATCH-Fe-S, indicating that both Co(OH)2 and CoS were converted

into CoOOH. Figure 3C displays the S 2p spectra of different pre-catalysts. The

peaks appearing at lower binding energies of �163.00 eV are attributed to the S-

M bond, while those at higher binding energies of �169.50 eV are ascribed to the

S-O bond, which may result from either thioacetamide decomposition or surface

oxidation.34 After applying the oxidizing potential, it is notable that the intensities

of these two peaks decrease obviously (Figure 3D). Therefore, most of S has been

leached out, with only a small amount of residues existing in the form of doping in

CoOOH or FeCoOOH matrix, which is consistent with the theoretically modeled

structures in Figure 1A.

Guided by the theoretical prediction, the modulation effects of guest S and host Fe

on the electronic structure of Co at 0.70 V versus Hg/HgO were then studied by

analyzing the electron energy loss near-edge structures (ELNES). As shown in Fig-

ures 3E–3G, the Co L3-edge onsets of ATCH-Fe-S and ATCH-Fe show slight positive

shifts of 0.08 and 0.07 eV compared to those of ATCH-S and ATCH, respectively,

due to that Fe could promote the oxidation of Co under oxidizing potentials.35 In

addition, the Co L3-edge onsets of ATCH-Fe-S and ATCH-S exhibit negative shifts

of 0.04 and 0.06 eV compared to those of ATCH-Fe and ATCH, respectively,

because of the S dopants at lower energy loss positions.36 The effect of S doping

is also seen in the negatively shifted Fe L3-edge onset of ATCH-Fe-S compared

with that of ATCH-Fe. The effects of Fe and S dopants were further confirmed via

the near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. Figure 3H

shows the O K-edge spectra at 0.7 V versus Hg/HgO. As can be seen, the spectra

of ATCH and ATCH-S exhibit sharp peaks at�533.4 eV and broad peaks in the range

of 535.0–548.0 eV, which are known as the excitation from the O 1 s state to the

partially filled O 2p state, hybridized with Co3+ 3d (eg) and 4sp states, respectively.37

By contrast, the spectra of ATCH-Fe and ATCH-Fe-S show increased intensities at

�530.0, 532.0, and 542.5 eV due to the t2g, eg, and 4sp states of Co4+, respec-

tively,38 indicating a significant concentration of Co4+ after the incorporation of
Cell Reports Physical Science 2, 100331, February 24, 2021 5



Figure 3. Phase conversion and electronic structure modulation

(A) Co 2p core-level XPS spectra of the pre-catalysts.

(B) Co 2p XPS spectra after applying 0.70 V versus Hg/HgO.

(C) S 2p XPS spectra of the pre-catalysts.

(D) S 2p XPS spectra after applying 0.70 V versus Hg/HgO.

(E) Co L-edge ELNES spectra after applying 0.70 V versus Hg/HgO.

(F) Fe L-edge ELNES spectra after applying 0.70 V versus Hg/HgO.

(G) Co and Fe L3-edge onset shifts caused by Fe and S doping.

(H) O K-edge NEXAFS spectra after applying 0.70 V versus Hg/HgO.

(I) Co L-edge NEXAFS spectra after applying 0.70 V versus Hg/HgO.

(J) Calculated Co L3:L2 intensity ratios from the Co L-edge NEXAFS spectra.
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Fe. By comparing the spectrum of ATCH-Fe-S with that of ATCH-Fe, a slight increase

in peak intensity of Co4+ eg was detected, which is probably attributable to a synergy

between S and Fe dopants. The Co L2,3-edge spectra were also recorded (Figure 3I),

and the corresponding L3/L2 intensity ratios were calculated (Figure 3G). As can be

seen, ATCH-Fe-S possesses the lowest L3:L2 intensity ratio, further confirming the

formation of a large amount of Co4+ active sites after the incorporation of Fe and

S.39 As a result, both ELNES and NEXAFS results suggest that the guest S works
6 Cell Reports Physical Science 2, 100331, February 24, 2021
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synergistically with the host Fe to tune the electronic structure of Co, which, as indi-

cated by DFT calculations, should play an important role in determining theOER cat-

alytic activity.

OER catalytic activity evaluation

Having understood themodulation effect of S on the electronic structure, the as-syn-

thesized pre-catalysts were subjected to systematic electrochemical characteriza-

tions in purified 1 M NaOH (Figure 4). Cyclic voltammetry (CV) was first conducted

to convert the material into the theoretically modeled structure (Figure 4A). As

can be seen, the current densities of ATCH-S and ATCH-Fe-S experience dramatic

decreases with increasing CV cycles compared with those of ATCH and ATCH-Fe,

which is ascribed to the leaching of S from ATCH-S and ATCH-Fe-S (Table S1).

The EDS spectrum and elemental maps of ATCH-Fe-S after CV testing confirm

that only a small amount of S can be detected (Figure S6A). Moreover, the SAED

pattern shows the disappearance of CoS and the formation of g-CoOOH (Fig-

ure S6B),40 and therefore, the residual S exists in the form of doping in g-CoOOH

matrix, which is consistent with the XPS results (Figures 3A–3D) and indicates the

successful conversion into the theoretically modeled structure (Figure 1A). Further

study suggests that the concentration of S stays relatively stable after CV testing

(Figure S7), and thus the role of S exists throughout the OER test.

Linear sweep voltammetry (LSV) was then conducted to evaluate the catalytic ac-

tivity. Figure 4B shows the polarization curves corrected with 95% iR compensa-

tion. As can be seen, the catalytic activity follows an increasing order of ATCH <

ATCH-S < ATCH-Fe < ATCH-Fe-S, and the contribution from Ni foam support is

negligible. More specifically, to reach a current density (j) of 20 mA cm�2, the

required overpotentials (h) for ATCH-Fe-S, ATCH-Fe, ATCH-S, and ATCH are

225.3, 250.5, 268.9, and 321.5 mV, respectively (Figure 4C), and at h = 265 mV,

the recorded j are 100.3, 30.1, 18.3, and 5.2 mA cm�2, respectively (Figure 4D).

As a key kinetic parameter, the Tafel slope was also used to evaluate the catalytic

performance. As can be seen in Figure 4E, the Tafel slope of ATCH-Fe-S is 64.1 mV

dec�1, which is much lower than 74.4, 76.8, and 105.7 mV dec�1 for ATCH-Fe,

ATCH-S, and ATCH, respectively, indicating the remarkably enhanced reaction ki-

netics of ATCH-Fe-S.8

There are two factors that determine the catalytic performance—the concentration

and the intrinsic activity of accessible active sites.41 To assess their contributions, the

electrochemical double-layer capacitance (Cdl) that is proportional to the concentra-

tion of active sites was estimated by plotting the Dj at 0.3 V versus Hg/HgO against

the scan rate. As shown in Figure 4F, the doping of Fe causes a decrease in Cdl, prob-

ably due to the idea that Fe ions change the interlayer bonding character and result

in the stacking of nanosheets. By contrast, S doping leads to a significant increase in

Cdl, which should be ascribed to the increased surface roughness after S leaching. It

is important to note that the Cdl of ATCH-Fe-S is 18.1% higher, 7.7% lower, and 8.6%

higher than those of ATCH-Fe, ATCH-S, and ATCH, respectively, while the current

density at h = 270 mV is 112%, 187%, and 402% higher, respectively. Therefore,

the concentration of active sites cannot account for the change in the current den-

sity, and the high intrinsic activity of catalytic sites created by guest S and host Fe

is the main reason for the outstanding catalytic performance, which is perfectly

consistent with the DFT calculated result (Figure 1). Themuch smaller charge transfer

resistance of ATCH-Fe-S, as indicated by the depressed semi-circular arc in the Ny-

quist plot (electrochemical impedance spectroscopy [EIS]), also suggests the

enhanced reaction kinetics and the increased reaction rate (Figure S8).32 It is
Cell Reports Physical Science 2, 100331, February 24, 2021 7



Figure 4. Evaluation of OER catalytic activity

(A) CV curves showing the phase conversion processes.

(B) LSV curves corrected with 95% iR compensation.

(C) Overpotentials (h) required to reach a current density (j) of 20 mA cm�2.

(D) Recorded current densities at h = 265 mV.

(E) Tafel plots derived from the polarization curves in low overpotential regimes.

(F) Calculated Cdl.

(G) Comparison of the catalytic performance between ATCH-Fe-S and previously reported FeCo catalysts.

(H) CA test at stepwise h of 320, 370, 420, and 470 mV for a total of 16 h.

(I) CP test at j = 30 mA cm�2 for 16 h using fresh working electrodes. The inset shows the phase conversion process of ATCH-Fe-S and ATCH-S.

The error bars in (C), (D), and (F) denote standard deviations of 5 technical replicates.
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noteworthy that due to the synergistically created highly active sites and the atomic

thickness of the nanosheets, ATCH-Fe-S is among the most promising FeCo cata-

lysts that have ever been reported (Figure 4G).42–51

The durability of these catalysts was finally evaluated via chronoamperometric (CA) test

at different overpotentials for 16 h (Figure 4H). As can be seen, all of the catalysts exhibit

stable catalytic performance. The average current densities of ATCH-Fe-S at h = 320,

370, 420, and 470 mV are 40.56, 62.78, 91.67, and 128.06 mA cm�2, respectively,

significantly outperforming those of ATCH-Fe (30.56, 49.50, 70.83, and 101.39 mA

cm�2), ATCH-S (19.44, 30.28, 48.95, and 75.32 mA cm�2), and ATCH (9.72, 18.06,
8 Cell Reports Physical Science 2, 100331, February 24, 2021
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35.14, and 58.63 mA cm�2). We further performed chronopotentiometry (CP) at a con-

stant current density of 30mA cm�2 on fresh electrodes (Figure 4I). At the initial stage of

reaction, ATCH and ATCH-Fe quickly reach a stable reaction state, while ATCH-S and

ATCH-Fe-S take longer to become stable (inset of Figure 4I), further suggesting the

phase conversion at the initial stage of catalysis. After that, the catalytic performances

maintain their stabilities for 16 h, with average overpotentials of 278.8, 309.8, 348.4,

and 381.4 mV to drive 30 mA cm�2 for ATCH-Fe-S, ATCH-Fe, ATCH-S, and ATCH,

respectively.

In summary, the effect of S doping on the OER catalytic activity of FeCoOOH was

studied via theoretical calculation and experimental validation. The DFT results

found that two coordinating S and one adjacent Fe could synergistically tune the

electronic states of Co to a near-optimal value, and therefore lead to near-ideal

intermediate energetics and a low catalytic overpotential. Experimentally, this syn-

ergistic effect was seen via electron energy loss and X-ray absorption, and a high cat-

alytic activity was consequently achieved with a record low overpotential of

225.3 mV to reach 20 mA cm�2, which outperforms most previously reported

FeCo catalysts. The identification of the role of S in transition metal (hydr)oxides

could guide the design of highly efficient OER catalysts and paves the way for a bet-

ter understanding of the modulation effects of other elements, such as Se, Te, P, N,

C, and B.

EXPERIMENTAL PROCEDURES

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead contact, Yuhai Dou (y.dou@griffith.edu.au).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The authors declare that data supporting the findings of this study are available

within the article and the supplemental information. All other data are available

from the lead contact upon reasonable request.

Computational methods

The CoOOH (01-12)-terminated surface with substitutional Fe doping was chosen as

the computation model.18,19 S was introduced afterward by replacing O to regulate

the electronic states. The periodic surface was 14.79 Å3 15.22 Å with a vacuum slab

of 18 Å in thickness to separate the layer from its periodic images. Electronic struc-

ture calculations were performed using first-principles calculations based on DFT

with the plane-wave basis set, as implemented in the CASTEP code.52 The geometry

optimizations were performed using the Broyden-Fletcher-Goldfarb-Shanno algo-

rithm. The Perdew-Burke-Ernzerhof exchange-correlation functional within the

generalized gradient approximation and ultrasoft pseudopotentials were

selected.53,54 The cutoff energy for the plane-wave basis and the Brillouin zone k-

points were set at 400.0 eV and 0.04 Å�1 spacing in the Monkhorst-Pack scheme,

respectively.55 To sufficiently consider the on-site Coulomb repulsion between

d electrons, the Hubbard U corrections were included and the U-J parameters for

Co and Fe atoms are 3.42 and 3.29, respectively.56 The convergence criteria for

the total energy, forces, stress, atomic displacement, and self-consistent field itera-

tions were set as 1 3 10�5 eV atom�1, 3 3 10�2 eV Å�1, 5 3 10�2 GPa, 1 3 10�3 Å,

and 1 3 10�6 eV atom�1, respectively.
Cell Reports Physical Science 2, 100331, February 24, 2021 9
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Tomake themodeling of the thermochemistry ofOERmore convenient, weworkedwith

acidic conditions, and the reaction pathway in alkaline conditions can be corrected by

adding kBTln10 3 pH to the value of Gibbs free energy changes (DGn, n = 1, 2, 3,

and 4) under standard conditions (pH = 0, T = 298.15 K, p = 1 bar).18 Therefore, the

OER reaction steps and the corresponding DGn can be expressed by

H2O + � / OH � + e� + H+ (Equation 1)
DG1 = DGOH� � eU + kBTln10 3 pH
OH� / O� + e� + H+ (Equation 2)
DG2 = DGO� � DGOH� � eU + kBTln10 3 pH
O � + H2O / OOH � + e� + H+ (Equation 3)
DG3 = DGOOH� � DGO� � eU + kBTln10 3 pH
OOH � / � + O2 + e� + H+ (Equation 4)
DG4 = 4:92 eV � DGOOH� � eU + kBTln10 3 pH

where * represents an active site on the (01-12) facet, and DGi* are Gibbs free en-

ergies of OER intermediates. The theoretical overpotential is then given by

hOER = max½DG1;DG2;DG3;DG4�=e� 1:23V (Equation 5)

TheDGi*were determined by the adsorption energies combined with energy correc-

tions for zero-point energy and entropy according to DGi* = DEi* + DZPEi* � TDSi*.

The ZPE and TSwere computed using DFT calculations of the vibrational frequencies

and standard tables for gas-phase molecules.57 The ZPEs for H2, H2O, *OH, *O, and

*OOH are 0.27, 0.56, 0.35, 0.05, and 0.41 eV, respectively, and the TS corrections for

H2 and H2O are 0.41 and 0.67 eV, respectively (we assume S = 0 for the adsorbates

on coordinatively unsaturated sites). The adsorption energies of OER intermediates,

DEi*, were calculated relative to H2O and H2 (at U = 0 and pH = 0):

DEOH� = EOH� � E� � ðEH2O � 1 =2EH2Þ (Equation 6)
DEO� = EO� � E� � ðEH2O �EH2Þ (Equation 7)
DEOOH� = EOOH� � E� � ð2EH2O � 3 = 2EH2Þ; (Equation 8)

and the binding energies, DEi, were calculated directly byDEi = Ei*� Ei� E*, where E

is the total energy calculated by using the spin polarization DFT method.
Material synthesis

To prepare ATCH-Fe-S, ATCH was synthesized via a surfactant-assisted assembly

approach.26 In detail, 0.2 g P123 was dissolved in 3.0 g ethanol under stirring.

Then, 1.0 g H2O and 13.0 mL ethylene glycol were added to achieve a 3-phase

equilibrium system. After that, 0.125 g Co(Ac)2,4H2O and 0.070 g hexamethylene-

tetramine were sequentially added and stirred until completely dissolved. Next,

the obtained precursor solution was transferred into a 45-mL autoclave with

several pieces of Ni foam stuck on the wall and heated at 160�C for 4 h. Finally,

the obtained ATCH/P123 intermediates were washed with water and ethanol

several times to remove P123 and leave ATCH. To incorporate S, the obtained

ATCH was partially sulfurized by 0.023 g thioacetamide via hydrothermal reaction
10 Cell Reports Physical Science 2, 100331, February 24, 2021
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at 160�C for 2 h. The doping of Fe was conducted via a simple wet-impregnation

method in 20 mL 2.0 mM Fe(NO3)3,9H2O aqueous solution for 2 h, which finally

led to the formation of ATCH-Fe-S. ATCH-Fe and ATCH-S were also synthesized

for comparisons without the sulfurization and Fe doping processes, respectively.

Characterizations

The morphology of the nanosheets was observed by SEM (JEOL JSM-7100F) and

HAADF-STEM (JEOL JEM-ARM200F). The thickness of the nanosheets was

measured by AFM (Bruker Dimension Icon). The elemental compositions before

and after catalysis were determined via EDS (Oxford XMax100TLE EDS spectrom-

eter) and ICP-OES (Optima 2000 DV ICP-emission spectrometer) analyses, and the

reported results were averaged from five measurements. HR-STEM (JEOL JEM-

ARM200F), SAED (JEOL JEM-ARM200F), XRD (MMA, GBC Scientific Equipment;

Cu Ka radiation), and XPS (PHOIBOS 100 Analyzer from SPECS; Al Ka X-rays) were

used to identify the phase structures before and after catalysis. To probe the chem-

ical states after applying an OER potential of 0.70 V versus Hg/HgO, ELNES was

performed with the Gatan GIF Quantum system on the STEM mode. The character-

ization was conducted at liquid nitrogen temperature to avoid sample damage and

electronic state changes, and the spectrometer was calibrated against the zero-loss

peak at the start of each session. The O K-edge and Co L-edge NEXAFS spectra un-

der the applied potential were also recorded at the soft X-ray beamline at the

Australian Synchrotron (Victoria, Australia). A bending magnet was connected to

the beamline, which was equipped with 2 gratings of 250 and 1,200 mm�1, covering

a wide photon energy range from 90 to 2,500 eV. The samples were kept in the total-

electron-yield mode at a base pressure of 1 3 10�10 mbar. The resolving power of

the grating was 10,000 and the photon flux was between 33 1010 and 53 1011 pho-

tons/s. Before calculating the L3:L2 ratio, the background intensity was subtracted.

Electrochemical measurements

The electrochemical characterizations were performed in a three-electrode system

controlled by an electrochemical workstation (CHI 760, Shanghai Chenhua Instru-

ments), where the catalyst grown on Ni foam, graphite rod, and Hg/HgO electrode

were used as the working, counter-, and reference electrodes, respectively. O2-satu-

rated 1 M NaOH was used as the electrolyte, which was purified using several ATCH

electrodes (absorbing Fe impurities from the electrolyte) before use. To evaluate the

OER catalytic performance, the catalysts were subjected to a series of tests following

a sequence of CV, CV at multiple scan rates, LSV, EIS, and CA. The working elec-

trodes were stabilized via 15 cycles of CV between 0.30 and 0.60 V versus Hg/

HgO at 10 mV s�1 until a stable response was achieved. Then, another CV test

was run at varied scan rates (10, 20, 30, 40, 50, and 60 mV s�1) between 0.25 and

0.35 V versus Hg/HgO to calculate the Cdl. Next, LSV was recorded within the

voltage range of 0.30–0.80 V versus Hg/HgO at 10 mV s�1, and the polarization

curves were corrected with 95% iR compensation. After that, the electrodes were

stabilized at 0.65 V versus Hg/HgO for 5 s, and then subjected to EIS test at the

same potential, with an amplitude of 5 mV and a frequency range of 100 kHz–100

mHz. Finally, a CA test at stepwise potentials of 0.65, 0.70, 0.75, and 0.80 V versus

Hg/HgO for a total of 16 h was conducted to evaluate the catalytic durability. In addi-

tion, to confirm the catalytic behaviors of different catalysts, a CP test was performed

at a constant current density of 30 mA cm�2 for 16 h by using fresh working

electrodes.

The reported overpotentials were calculated by h = EHg/HgO + (0.098 + 0.059pH �
1.23) V, where EHg/HgO is the recorded potential versus Hg/HgO and the value of pH
Cell Reports Physical Science 2, 100331, February 24, 2021 11
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is 13.7. Tafel plots were derived from the polarization curves in low overpotential re-

gimes by plotting the overpotential against the logarithmic current density. The Cdl

was calculated from the plot of the differences between anodic and cathodic current

densities at 0.30 V versus Hg/HgO against the scan rates, which is half the slope of

the straight line. The error bars for the reported overpotentials, current densities,

and current density differences were obtained from five replicates after discarding

the maximum and minimum values.
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