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ABSTRACT: In-depth insights into the structure-activity relationships and complex reaction mechanisms of oxygen evolution reac-
tion (OER) electrocatalysts are indispensable to efficiently generate clean hydrogen through water electrolysis. We introduce a con-
venient and effective sulfur heteroatom tuning strategy to optimize the performance of active Ni and Fe centers embedded into coor-
dination polymer (CP) catalysts. Operando monitoring then provided the mechanistic understanding as to how exactly our facile 
sulfur engineering of Ni/Fe-CPs optimizes the local electronic structure of their active centers to facilitate dioxygen formation. The 
high OER activity of our optimized S-R-NiFe-CPs outperforms most recent NiFe-based OER electrocatalysts. Specifically, we start 
from oxygen-deprived Od-R-NiFe-CPs and transform them into highly active Ni/Fe-CPs with tailored sulfur coordination environ-
ments and anionic deficiencies. Our operando XAS analyses reveal that sulfur introduction into our designed S-R-NiFe-CPs facili-
tates the formation of crucial highly oxidized Ni4+ and Fe4+ species, which generate oxygen-bridged NiⅣ-O-FeⅣ moieties that act as 
the true OER active intermediates. The advantage of our sulfur-doping strategy for enhanced OER is evident from comparison with 
sulfur-free Od-R-NiFe-CPs, where the formation of essential high-valent OER intermediates is hindered. Moreover, we proposed a 
dual-site mechanism pathway, which is backed up with a combination of pH-dependent performance data and DFT calculations. 
Computational results support the benefits of sulfur modulation, where a lower energy barrier enables O-O bond formation atop the 
S-NiⅣ-O-FeⅣ-O moieties. Our convenient anionic tuning strategy facilitates the formation of active oxygen-bridged metal motifs and
can thus bring forward design of flexible and low-cost OER electrocatalysts.

The ongoing consumption of fossil fuels and the associated 
global environmental issues call for the general use of renewa-
ble energy resources.1,2 To date, water splitting is a promising 
strategy for sustainable energy conversion into green hydrogen 
as a flexible carrier and commodity.3,4 The overall efficiency of 
the water electrolysis process is mainly hindered by its sluggish 
oxygen evolution half-reaction (OER) that involves a demand-
ing 4e- transfer.5-7 Noble metal-based materials (e.g. Ru and Ir) 
still display the most promising OER performance, but their 
practical applications are limited by high costs and scarcity. 
However, the design of high-performance and low-cost OER 
electrocatalysts with earth-abundant elements remains chal-
lenging, and their targeted optimization requires fundamental 
mechanistic insights.  

In the past decades, economic NiFe-based OER catalysts (e.g. 
alloys,8 carbides,9 coordination polymers,10 (oxy)hydroxides,11 

oxides,12 sulfides,13 phosphides,14 and selenides15) attracted 
enormous interest due to their remarkable catalytic performance. 
However, fundamental questions concerning the nature of their 
catalytically active species and their intrinsic catalytic mecha-
nisms are still intensely investigated. Several prerequisites for 
OER are now emerging: (1) The involvement of both Ni and Fe 
as catalytically active centers in a dual-site mechanism has 
meanwhile been proposed for various types of NiFe-based OER 
catalysts, such as NiFeOx,16 FeCoCrNi alloy,17 and NiFe-based 
single-atom catalysts.18 (2) Increasing evidence has been gar-
nered that both active sites are oxidized to high valent M(III/IV) 
states during the OER process.19,20 In the following, we now ad-
dress the next questions to optimize NiFe-OER catalysts, start-
ing from NiFe-coordination polymers: How to facilitate (a) the 
formation of high valent states and then (b) their ability to form 

dual oxygen-bridged moieties with favorable energies for O-O 
bond formation? 

Furthermore, the crucial role of engineered structural deficien-
cies and heteroatom incorporation in the formation of active 
sites and species remains to be investigated. Additionally, the 
precise structure-function relationships between modified/defi-
cient local coordination environments and enhanced catalytic 
activity in related OER electrocatalysts need to be established. 
This will promote anionic modulation strategies for optimizing 
a wide range of OER materials. Both theoretical analyses and 
mechanistic studies of the real catalytically active intermediates 
are indispensable to resolve these long-standing challenges. We 
here apply density functional theory (DFT) in combination with 
time-resolved operando X-ray absorption spectroscopy (XAS) 
monitoring to capture the real catalytically active centers and 
their active intermediates.21-24 

We selected coordination polymers (CPs) as our target, because 
their virtually infinite options for connecting metal centers with 
organic or inorganic linkers attract considerable mechanistic 
and application-related research interest in many areas of catal-
ysis.25-27 Their unique structural properties and high surface ar-
eas offer abundant accessible active sites for a wide range of 
catalytic reactions. These numerous active sites do not only im-
prove the catalytic activity of CP-based electrocatalysts notably, 
but also provide more reliable signal-to-noise resolution during 
operando monitoring tests.28-31 

As for our structural tuning strategy, defect engineering has 
been identified as an effective strategy to optimize the OER per-
formance of CP-based electrocatalysts for practical applica-
tions.10,26 Modulation of local coordination environments 
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through heteroatom incorporation is another promising ap-
proach to stabilize the structural deficiencies and to further op-
timize the catalytic activity.32,33 As mentioned above, the under-
lying structure-activity relationships remain to be explored and  
the stability of engineered structural deficiencies during long-
time operations needs to be established.  

Here, we introduce an anionic engineering strategy, starting 
from the sulfur-tuning of low-crystalline reduced NiFe-based 
CPs with a LDH-related structure that are rich in oxygen defi-
ciencies (referred to as Od-R-NiFe-CPs) as attractive template 
materials. Through the controlled introduction of sulfur het-
eroatoms, we first regulate the local coordination environments 
of the active centers and stabilize the oxygen deficiencies in the 
generated S-R-NiFe-CPs. Further, we combine computational 
modeling with manifold characterizations (e.g. XAS, electron 
paramagnetic resonance (EPR), and X-ray photoelectron spec-
troscopy (XPS)) to compare the local metal coordination envi-
ronments of Od-R-NiFe-CPs and S-R-NiFe-CPs. Interestingly, 
our results from structural characterizations show that sulfur at-
oms rather refill the oxygen deficiencies around Ni sites than 
substitute the oxygen centers.  

Importantly, engineered S-R-NiFe-CPs were found to show su-
perior OER electrocatalyst performance with a much lower 
overpotential of 245 mV at 20 mA/cm2  and a very smaller Tafel 
slope value of 30.28 mV/dec over the pristine Od-R-NiFe-CPs 
(271 mV and 49.10 mV/dec). Moreover, S-R-NiFe-CPs also 
outperformed most state-of-the-art NiFe-based electrocatalysts.  

Operando XAS tests and DFT simulations unraveled the pro-
ductive influence of sulfur heteroatom engineering on the regu-
lation of local coordination environments and the resulting op-
timization of OER pathways. Our combined theoretical and ex-
perimental evidence demonstrates that targeted incorporation of 
S atoms into the oxygen-deficient NiFe-CP matrix clearly opti-

mizes the intrinsic OER mechanism. Controlled partial incor-
poration of S atoms notably facilitates the formation of true ac-
tive NiⅣ-O-FeⅣ intermediate moieties in S-R-NiFe-CPs during 
the OER when compared to sulfur-free Od-R-NiFe-CPs. These 
true active intermediates enable a dual-site mechanism (DSM) 
pathway via O-O bond formation atop the NiⅣ-O-FeⅣ moieties, 
giving rise to the observed high catalytic performance.  

RESULTS AND DISCUSSION 

Theoretical insights into the local coordination environ-
ments 

DFT calculations can offer direct guidance for identifying the 
local coordination environments of Ni/Fe centers in Od-R-NiFe-
CPs after incorporation of S atoms. To the best of our 
knowledge, the sulfidation reaction can in principle proceed via 
the following four possible reaction pathways (Figure S1): i) S 
atoms refill the oxygen-deficient sites to form model structure 
S1; ii) model structure S2 is constructed by substitution of the 
neighboring O atoms with S atoms near the deficiency site; iii) 
S atoms replace the shared O atoms from the di-μ-oxo Ni-Fe 
and Ni-Ni moieties in model structure S3; iv) model structure 
S4 is formed via substitution of the shared O atoms from two 
di-μ-oxo Ni-Ni moieties with S atoms. As demonstrated in Fig-
ure 1a, our DFT calculations reveal that the proposed model 
structure S1 shows the lowest formation energy, thus represent-
ing the most stable structural motif. We further calculated the 
differential electron density to explore the role of S atom mod-
ification in the charge distributions with the proposed model 
structures. As shown in Figure 1b, the proposed models of S1-
S4 exhibit intense charge distributions of metal centers nearby 
the S atoms. These charge distributions are crucial for tuning 
the adsorption properties of OER intermediates and for promot-
ing the sluggish OER kinetics.7,34,35 This is also supported by the 
calculated projected density of states (PDOS) (Figure 1c), in 

Figure 1 (a) Comparison of the calculated energy of proposed model structures with Od-R-NiFe-CPs as a reference. (b) Differential charge density plots 

for proposed model structures of S1~S4 (cyan = electron depletion, yellow = electron accumulation). (c) Simulated projected density of states (PDOS) 

of Od-R-NiFe-CPs, S1, S2, S3, and S4 model structures. 



 

which the different proposed models with S atom incorporation 
show different electronic structures near the Fermi level. Spe-
cifically, the metal d-band states of S1-S4 models shifted away 
from the Fermi level compared with the pristine model, demon-
strating the weakened bond strength between metal and oxy-
gen.2,10,22 This indicates that the incorporation of S heteroatoms 
can promote the desorption of OER intermediates (e.g. OO* and 
HOO*). As a result, the OER activity of Od-R-NiFe-CP can be 
optimized via the incorporation of heteroatom S. 

Synthesis and characterization of Od-R-NiFe-CPs and S-R-
NiFe-CPs 

In light of the above DFT investigations, we designed the fol-
lowing experiments. First, Od-R-NiFe-CPs were prepared ac-
cording to our previous work with slight modifications.10 S-R-
NiFe-CPs samples with different starting amounts of S for het-
eroatom modification (2, 5, 10, 20, and 50 mg) were prepared 
using a similar reduction and hydrothermal reaction strategy to 
that applied for Od-R-NiFe-CPs. (see experimental methods, 
Figures S2-S14, and details in Supplementary Discussion I).  
(Note: the atomic Ni/Fe ratio of Od-R-NiFe-CPs was deter-
mined as 3.51:1 based on ICP-MS results in Table S2. S-modi-
fied samples are referred to as S-R-NiFe-CPs in the following. 
If not otherwise mentioned, S-R-NiFe-CPs specifically refers to 
the optimized sample with the incorporation of 5 mg of thio-
acetamide (TAA) with an Ni/Fe/S atomic ratio of 3.58:1:0.79 
(Table S2)). The results indicate that the incorporation of low S 
amounts (2 and 5 mg) does not affect the pristine crystal struc-
ture of Od-R-NiFe-CPs. Moreover, the incorporated S atoms fa-
vorably enter the lattice of Od-R-NiFe-CPs forming the pro-
posed model structure S1, as illustrated in Figure 1 and Figure 
S1. When a high amount of S atoms (> 10 mg) was introduced, 
some S atoms can still partially enter the lattice of Od-R-NiFe-
CPs based on the proposed reaction pathway S1. However, the 
excess S atoms are assumed to further activate the reaction path-
way S4, giving rise to the formation of a secondary phase in S-
R-NiFe-CPs (10 ~ 50 mg) (Figures S5-S8).  

The influence of the synthetic preparation parameters, such as 
time and reaction temperature of the sulfidation process, on the 
structural and morphological properties of S-R-NiFe-CPs was 
also investigated (Figures S9-S13). These results revealed that 
the aforementioned two preparative parameters exhibited neg-
ligible influences on the structural and morphological proper-
ties of the final products. Furthermore, NiFe-based oxides 
(NiFe-O) and their reference samples with S modification (S-
NiFe-O) were synthesized for further comparison (see experi-
mental details and methods in the Supplementary Infor-
mation and Figures S15-S17). The obtained results corrobo-
rate that partial substitution of O by S in NiFe-O can be per-
formed while preserving its pristine high-crystallinity and rock 
salt-type crystal structure.  

Ex situ XAS characterization 

To elucidate the local electronic structure and coordination en-
vironment of Ni/Fe centers in as-prepared Od-R-NiFe-CPs and 
S-R-NiFe-CPs, we performed X-ray absorption spectroscopy 
(XAS) tests at the Ni and Fe K-edge. As evident from Ni K-edge 
X-ray absorption near edge structure (XANES) spectra (Figure 
2a), the rising absorption edge positions of Od-R-NiFe-CPs, S-
R-NiFe-CPs, NiFe-O, and S-NiFe-O are very close to those of 

the reference samples NiO, Ni(OH)2, and NiFe-LDH. This in-
dicates that the average valence state of Ni ions in the as-syn-
thesized samples are predominantly Ni2+. A close inspection of 
the Ni K- edge XANES spectra illustrates that Od-R-NiFe-CPs 
and S-R-NiFe-CPs exhibit similar spectral features at ~8365 eV 
(inset in Figure 2a), which originate from dipolar electronic 
transitions from Ni 1s to Ni/Fe 4p orbitals.36-38 A similar phe-
nomenon was also observed in NiFe-O, S-NiFe-O, and refer-
ence NiO, which feature a similar peak at ~8367 eV.  

The Ni K-edge extended X-ray absorption fine structure 
(EXAFS) spectra were further recorded to investigate the local 
coordination environment of Ni ions in the as-prepared materi-
als. As shown in Figure S18, Od-R-NiFe-CPs, S-R-NiFe-CPs, 
and reference NiFe-LDH display almost identical Ni K-edge 
EXAFS oscillations, indicating their similar local Ni environ-
ments, in line with the above analyses of XANES spectra (Fig-
ure 2a). Comparison of EXAFS spectra of NiFe-O, S-NiFe-O, 
and reference NiO indicates similar local coordination environ-
ments of their Ni centers. Fitting of the Fourier-transform (FT) 
EXAFS spectra, as shown in Figure 2b, indicates that all the 
investigated samples display two main backscattering peaks 
within the interval R+∆R =1~3 Å. The first backscattering peak 
in the FT-EXAFS spectra is attributed to the first coordination 
shells of Ni-O pairs. The second one is ascribed to the backscat-
tering of the second coordination shells of Ni-Ni/Fe pairs. The 
first and second backscattering peaks in the FT-EXAFS spectra 
of NiO analogs are located at slightly different R+∆R values 
compared with those of NiFe-LDH analogs. This is mainly at-
tributed to their local structural differences (structural scheme 
as shown in Figure 2b). Fitting results for the FT-EXAFS spec-
tra of Od-R-NiFe-CPs (Figure 2b and Table S3) provided co-
ordination numbers for Ni-O bonds (CNNi-O) and CNNi-Ni/Fe of 
5.15 and 6.00, respectively. The slightly lower CNNi-O value of 
5.15 calculated for Od-R-NiFe-CPs compared with that of NiFe-
LDH (CNNi-O:6.00) indicates that the as-prepared Od-R-NiFe-

Figure 2 (a) Ni K-edge XANES spectra of the as-prepared samples vs.

references. (b) Fitting of the Ni K-edge FT-EXAFS spectra of the as-pre-

pared samples vs. references. (c) CV curves of as-prepared catalysts vs.

reference RuO2 with 90%-iR corrections (the inset represents CV cycling 

measurements). 



 

CPs are rich in oxygen deficiencies. Fitting of the FT-EXAFS 
spectra of S-R-NiFe-CPs provided CNNi-O and CNNi-Ni/Fe values 
of 5.11 and 6.00, respectively. Moreover, the CNNi-S value was 
calculated as 0.32 in S-R-NiFe-CPs, suggesting that S atoms 
predominantly refill the oxygen deficiencies.  

The Fe K-edge XAS data suggest similar coordination environ-
ments for the Fe centers among the investigated samples (Fig-
ure S19 and Table S4), which further supports that the sulfida-
tion reaction follows the proposed reaction pathway S1 (Figure 
S1). Analysis of the XAS data (Figures S20-S23) of S-R-NiFe-
CPs (2 ~ 50 mg) suggests that the oxygen deficiencies around 
the Ni sites are first refilled by S atoms after the sulfidation re-
action with a low amount of S atoms. However, with a higher 
amount of S atoms, the additional sufur atoms can further par-
tially replace O atoms around Ni sites leading to obvious struc-
tural changes. For comparison, the local coordination environ-
ments of Ni/Fe centers of NiFe-O and S-NiFe-O were investi-
gated as well based on the respective EXAFS and FT-EXAFS 
spectra (Figure 2b, Figures S18, S19b,c and Tables S3, S4). 
The results indicate that the reference oxide samples with the 
absence of structural deficiencies followed the proposed reac-
tion pathway S4 during the sulfidation process. This is con-
sistent with the above XAS studies of S-R-NiFe-CPs with a 
high amount of TAA (50 mg).      

To further explore the role of S atom incorporation into the ox-
ygen-deficient sites and in the surface chemical compositions, 
electron paramagnetic resonance (EPR) and X-ray photoelec-
tron spectroscopy (XPS) analyses were carried out with the as-
prepared samples. As expected, the results obtained from EPR 
and XPS analyses (discussions and details in Figures S24-
S26) are in agreement with the above XAS analyses. These re-
sults in their entirety confirm that the incorporation of S het-
eroatoms likely refills the oxygen-deficient sites first. An ex-
cess amount of S atoms can activate the partial exchange reac-
tion between the introduced S heteroatoms and oxygen atoms 
coordinated to the Ni sites.    

Operando XAS characterization of S-R-NiFe-CPs towards 
OER 

The electrochemical characterization reveals the superior OER 
activity of S-R-NiFe-CPs compared to that of Od-S-R-NiFe-
CPs (Figure 2c and Figures S27-S36 and details in Supple-
mentary Discussion II). To identify the intrinsic structure-ac-
tivity relationships and to understand the complex catalytic 
mechanism during OER, we performed operando XAS tests 
with the investigated catalysts in 0.1 M KOH (see experi-
mental details and methods in the Supplementary Infor-
mation and in Figure 3 and Figures S37-S41). 

Operando XANES spectra (Ni K-edge): As shown in Figure 
3a, for the operando Ni K-edge XANES spectra of S-R-NiFe-
CPs recorded at the applied potentials from 0.8 V to 1.45  V vs. 
RHE, the rising absorption edges display a positive shift to-
wards higher energy, reflecting the oxidation of Ni ions. Figure 
3b shows the correlation between the rising absorption edge po-
sitions and the average valence states of Ni ions. The nominal 
valence states of Ni ions in our study were determined based on 
the reference samples β-NiOOH (8343.70 eV with Ni3+)39-41 and 
γ-NiOOH (8345.00 eV with Ni3.6+).39-41 A close inspection of 
the variations of the valence state of Ni ions reveals three dif-
ferent reaction processes within the applied potential ranges. At 

non-catalytic potentials (0.8 to 1.3 V vs. RHE), the valence state 
of Ni ions mainly corresponds to Ni2+. Meanwhile, a slight in-
crease in the valence state of Ni ions is observed, which is 
mainly due to the chemisorption of OH- from the electrolyte.42,43 
When the applied potentials were increased from 1.3 to 1.425 
V vs. RHE, the energy shifts of the rising absorption edge posi-
tions are ascribed to the oxidation of Ni ions (denoted as Niox). 
In the Niox region, the valence state of Ni ions shows an obvious 
increasing trend. With a further increase of the anodic potentials 
above 1.425 V vs. RHE, OER sets in along with the formation 
of high-valence Ni ions (Figure 3b). Previous operando studies 
have demonstrated that the high valence states of active metal 
centers generally recover to a lower value after removing the 
applied potentials.44-46 However, in our case (Figure 3b), an ab-
normal maximum value of valence state of Ni ions with a rising 
absorption edge position of 8345.14 eV, which is even higher 
than reference γ-NiOOH (8345.00 eV), is observed after the re-
moval of the applied potentials. In fact, the applied potentials 
were set in the range of 0.8 to 1.5 V vs. RHE in the investigated 
catalysts during the operando tests, which are higher than the 
aforementioned potentials (0.8 to 1.45 V vs. RHE) in Figure 
3b. When the applied potentials were higher than 1.45 V vs. 
RHE, the Ni K-edge XAS signals were drastically distorted by 
the generation of O2 bubbles (Figure S39a). Therefore, we only 
show the Ni K-edge XAS data below 1.45 V vs. RHE in Figure 
3b. Given the increased valence states of Ni ions in the samples 
after removing the potentials compared with those present at 
1.45 V vs. RHE, we propose that the main active Ni species 
during the OER originate from the formation of high-valent 
Ni4+ species. This is in line with recent operando studies on Ni-
based OER electrocatalysts.47-49  

Figure 3 (a, c) Operando Ni and Fe K-edge XANES spectra of S-R-

NiFe-CPs at different anodic potentials in 0.1 M KOH for OER. (b, d) 

Ni and Fe K-edge positions vs. applied potentials (Niox and Feox represent 

the oxidations of Ni and Fe, respectively. The Ni K-edge positions of γ-

NiOOH and β-NiOOH are reported from references 39-41). (Note: when 

the applied potentials were higher than 1.45 V at the Ni K-edge and 

1.425 V vs. RHE at Fe K-edge, respectively, the formation of oxygen 

bubbles drastically influences the quality of Ni and Fe K-edge XAS sig-

nals (Figure S39). Therefore, we only show the Ni and Fe K-edge XAS 

data below the mentioned potentials.) 



 

Operando XANES spectra  (Fe K-edge): The energy shifts in 
the rising absorption edge position of Fe K-edge XANES spec-
tra and the changes in the valence states of Fe ions show slight 
differences compared with those of the Ni K-edge (Figure 
3c,d): i) The non-catalytic region was defined for potentials be-
low 1.0 V vs. RHE, ii) the oxidation of Fe (denoted as Feox) 
occurred in the range from 1.0 to 1.425 V vs. RHE, iii) OER 
was activated along with the formation of Fe(3+σ)+ (0<σ<1) spe-
cies above 1.425 V vs. RHE, iv) after the removal of the applied 
potentials, the valence states of Fe ions slightly recovered to a 
lower value (Figure S39b). Compared with the analyses of the 
Ni K-edge XANES spectra (Figure 3a,b), the Fe K-edge 
XANES spectra indicate an earlier trigger potential of the Feox 

region suggesting that the Fe sites undergo an early deprotona-
tion process (OH− → O*+H++e-).50,51 In summary, investiga-
tions of the Ni and Fe K-edge XANES spectra of S-R-NiFe-CPs 
demonstrate that both Ni and Fe centers undergo oxidation to 
form high-valent species (Ni(3+σ)+ and Fe(3+σ)+), suggesting that 
they both play a pivotal role during the OER process.12,42,52,53 

Operando monitoring of the dynamics of the local coordina-
tion environments during the OER  

Operando EXAFS spectra (Ni K-edge): The dynamics of the 
local coordination environments of Ni centers in S-R-NiFe-CPs 
towards OER were further evaluated from operando FT-
EXAFS spectra (Figure 4). For Ni K-edge FT-EXAFS spectra 
of S-R-NiFe-CPs immersed into the electrolyte (Figure 4a), 
two apparent peaks are observed with radial distances R+∆R of 
1.59 Å and 2.70 Å, arising from the backscattering of NiⅡ-O/S 
and NiⅡ-NiⅡ/FeⅢ pairs, respectively. In the non-catalytic region 
(0.8 to 1.3 V vs. RHE), these two scattering peaks remain un-
changed. This can be further confirmed by the fitting of EXAFS 
spectra, in which both the interatomic distances and the coordi-
nation numbers of NiⅡ-O/S and NiⅡ-NiⅡ/FeⅢ pairs exhibit neg-
ligible changes (Figure 4a and Table S5). Similar observations 
are also evident from the WT-EXAFS spectra. As shown in Fig-
ure 4a, for the samples immersed into the electrolyte and with 
an applied potential of 1.3 V vs. RHE, the scattering signals of 

NiⅡ-O/S and NiⅡ-NiⅡ/FeⅢ pairs exhibit similar intensities. 
When the applied potentials are higher than 1.3 V vs. RHE, the 
FT-EXAFS spectra (Figure 4a) of S-R-NiFe-CPs feature an ad-
ditional scattering peak with a radial distance R+∆R = 2.39 Å, 
indicating the formation of disordered NiⅢ-O-NiⅢ/FeⅢ moie-
ties. Furthermore, with an increase of the anodic potentials, this 
newly formed scattering peak displays changes in its profile, 
indicating the oxidation of Ni2+ to Ni3+/4+. The WT-EXAFS 
spectra further support the results derived from the FT-EXAFS 
spectra. As shown in Figure 4b, the scattering peaks of NiⅡ-
NiⅡ/FeⅢ pairs splits into two separate scattering signals at 1.35 
V vs. RHE. The newly formed scattering signal indicating a 
shorter interatomic distance that is ascribed to the formation of 
NiⅢ-NiⅢ/FeⅢ pairs. Then, these scattering pairs underwent fur-
ther peak profile changes and reached their maximum intensity 
after the removal of the potentials. Moreover, during the anodic 
polarization, the Ni K-edge FT-EXAFS spectra of S-R-NiFe-
CPs (Figure 4a) also reveal a negative peak shift of NiⅡ-O/S 
pairs, illustrating oxidation process from NiⅡ-O/S to NiⅢ-O/S. 
For the FT-EXAFS spectra above 1.425 V vs. RHE, a weakened 
scattering peak at a radial distance R+∆R = 1.87 Å is present, 
which is distinct from the scattering peak with stronger intensity 
arising from an interatomic distance of 1.47 Å. When we com-
bine the above observations with the variations in the valence 
state of Ni ions in Figure 4b, we can conclude that the appear-
ance of the stronger scattering peak at 1.47 Å arises from the 
formation of NiⅢ/Ⅳ-O coordination shells. The scattering peak 
with weakened intensity at 1.87 Å is ascribed to the preserved 
backscattering of the Ni-S coordination shell. This conclusion 
is also supported by the Ni K-edge WT-EXAFS spectra (Figure 
4b), where a scattering peak with a weakened signal emerges at 
1.87 Å above 1.425 V vs. RHE. As expected, the fitting results 
of the operando Ni K-edge FT-EXAFS spectra (Table S5) 
show an increased CN value of NiⅢ-O and NiⅢ-NiⅢ/FeⅢ pairs 
during the operando OER experiment. In contrast, the CN val-
ues of NiⅡ-O and NiⅡ-NiⅡ/FeⅢ exhibit a decreasing trend. The 
CN values of Ni-S pairs remain quite unchanged, which indi-
cates the structural stability of S-Ni-O-Fe-O moieties during the 
OER process.  

Figure 4 (a, c) Fitting of operando Ni and Fe K-edge FT-EXAFS of S-R-NiFe-CPs at different anodic potentials in 0.1 M KOH for OER. (b, d) Ni and 

Fe K-edge WT-contour plots of S-R-NiFe-CPs recorded at anodic potentials in 0.1 M KOH for OER. 



 

Operando EXAFS spectra (Fe K-edge): The operando Fe K-
edge FT-EXAFS spectra (Figure 4c,d) show similar peak shape 
alterations in the second coordination shells compared with the 
Ni K-edge (Figure 4a,b). Due to the quite low Fe to Ni ratio in 
S-R-NiFe-CPs (Tables S2), it is reasonable to propose that the 
observed signal changes from the second coordination shells 
arise from the oxidative transformation of FeⅢ-O-NiⅡ into FeⅢ-
O-NiⅢ configurations. As indicated in Figure 4c and Tables 
S6, during anodic polarization, the average interatomic dis-
tances starting from FeⅢ-O decrease slightly, suggesting the ox-
idation of Fe3+ to Fe4+. This is also largely in agreement with the 
analyses of the Fe K-edge XANES spectra (Figure 3c,d). Inter-
estingly, neither the FT-EXAFS nor the WT-EXAFS spectra 
show any extra scattering peaks in the first coordination shell 
besides the formation of FeⅢ/Ⅳ-O. This further implies that the 
introduced S atoms mainly refill the oxygen deficiencies around 
the Ni sites (Figure S1). 

Combination of operando XANES and FT-EXAFS investiga-
tions unambiguously reveals that the in situ formed oxygen-
bridged S-NiⅣ-O-FeⅣ-O moieties with the high-valent Ni(3+σ)+ 
and Fe(3+σ)+ species are prerequisites to initiate OER in S-R-
NiFe-CPs. In other words, these high-valent structural moieties 
are serving as the true active species during the OER.  

Influence of sulfur modification on the OER: To understand 
the role of S atom modification in the OER catalytic activity, 
operando XAS tests on Od-R-NiFe-CPs for OER were further 
performed in 0.1 M KOH. Our results (Figures S40-S41) evi-
dence that the formation of NiⅢ/Ⅳ-O-FeⅢ/Ⅳ configurations in 
Od-R-NiFe-CPs is hindered when compared with S-R-NiFe-
CPs. It should be emphasized that our experimental results cor-
roborate the formation of Fe4+ species in both Od-R-NiFe-CPs 
and S-R-NiFe-CPs for OER (Figure 3c,d and Figure S41a,b). 
Such evidence can reflect that the as-investigated catalysts pro-
ceed via a similar OER catalytic mechanism at the Fe sites. 
However, this does not infer that only Fe centers act as the cat-
alytically active sites but rather reflects that the deprotonation 
process (OH− → O*+H++e-) preferably proceeds on Fe sites ra-
ther than on Ni sites. This can also indicate that Fe sites are not 
rate-determining for the OER process in contrast to Ni 
sites.47,54,55 

We further conducted operando EIS tests to explore the inter-
face behavior between the as-prepared catalysts and electro-
lytes. The operando EIS investigations (discussions and de-
tails in Figure S42) in their entirety corroborate that the oxida-
tion of Ni in Od-R-NiFe-CPs is promoted with partial S atom 
introduction. This is also in agreement with the observations 
from our previous operando XAS analyses (Figure 3).  

DFT simulations 

To gain insight into the origins of the OER activity and to deci-
pher the underlying reaction pathways, DFT simulations were 
carried out using structural models of the investigated catalysts. 
As supported by our operando XAS results (Figures 3 and 4 
and Figures S37-S41), both Ni and Fe ions in S-R-NiFe-CPs 
underwent oxidation into high-valent species (Ni4+ and Fe4+), 
suggesting that they are all involved in the OER process. This 
can also indicate that the in situ formed NiⅣ-O-FeⅣ moieties 
act as the real active sites and account for the excellent OER 
activity of S-R-NiFe-CPs. The investigation of pH-dependent 
OER activity of the investigated catalysts can provide further 
evidence to recognize the real active sites and to understand the 
catalytic OER mechanisms.7,16,42,56,57 As shown in Figure S43, 
it is apparent that both Od-R-NiFe-CPs and S-R-NiFe-CPs ex-
hibit enhanced OER activity from a pH value of 12.82 to 14.00. 
Moreover, both investigated catalysts show a super-Nernstian 
behavior, indicating that the as-investigated catalysts undergo a 
decoupled proton-electron transfer (PT/ET) pathway. Previous 
studies indicated that the appearance of the PT/ET pathway is 
strong evidence for the presence of a dual-site reaction mecha-
nism (DSM).16,42,56-59 

According to the attained information, DFT calculations based 
on the proposed DSM were carried out for our catalysts (see 
experimental details in the Supporting Information). For 
comparison, DFT calculations of the conventional adsorbate 
evolution mechanism (AEM) were also performed (Figure 
S44). It should be noted that the OER intermediates via an AEM 
pathway can be adsorbed either on the Ni sites or on the Fe sites. 
Therefore, we calculated the Gibbs free energies of OER inter-
mediates adsorbed on the individual Ni and Fe sites in Od-R-

Figure 5 (a, b) Calculated free energy diagrams of OER intermediates adsorbed on Od-R-NiFe-CPs via DSM. (c, d) Calculated free energy diagrams of 

OER intermediates adsorbed on S-R-NiFe-CPs via DSM. 



 

NiFe-CPs, respectively. The AEM results (discussions and de-
tails in Figure S44) suggest that the Fe sites in Od-R-NiFe-CPs 
are thermodynamically more active compared with Ni sites dur-
ing the OER process. However, as this is not consistent with our 
previous operando XAS analyses and pH-dependent experi-
ments (Figures 3 and 4 and Figures S37-S41, S43), the con-
ventional AEM might not be the right model to describe our 
catalysts.   

We thus focused on the DSM pathway for the as-investigated 
catalysts. It should be emphasized that the deprotonation pro-
cess of M*-OH can follow two possible pathways in the pro-
posed DSM: i) the deprotonation occurs at the Ni site to gener-
ate Ni*-O+Fe*-OH intermediates (Figure 5a,c), ii) the Fe sites 
serve as the target sites for the deprotonation process (Figure 
5b,d), thereafter, forming Fe*-O+Ni*-OH intermediates. For 
the investigated Od-R-NiFe-CPs model, our computational re-
sults (Figure 5a,b and Figure S45) unravel a lower energy bar-
rier for the deprotonation of M*-OH at the Fe sites in contrast 
to the Ni sites, suggesting that the Fe sites are more favorable 
for the deprotonation of M*-OH. This is also in agreement with 
our above-mentioned operando XAS results (Figures 3 and 4). 
The rate-limiting step (RLS) of DSM in Od-R-NiFe-CPs is iden-
tified as the O-O bond formation atop of Ni-O-Fe moiety show-
ing a very low energy barrier of 1.96 eV, more convenient than 
for the AEM pathway (2.51 eV at Ni site and 2.27 eV at Fe site). 
This indicates that the OER in Od-R-NiFe-CPs is thermodynam-
ically more favorable via a DSM pathway.  

We further calculated the free energy diagram of OER steps in 
S-R-NiFe-CPs based on the proposed DSM. As shown in Fig-
ure 5c,d and Figure S46, our calculations imply that the for-
mation of O* atop of Ni-O-Fe sites with an energy barrier of 
1.76 eV in the S-R-NiFe-CP model is the RLS, which is lower 
in energy than for the Od-R-NiFe-CPs model system. Moreover, 
the as-prepared S-R-NiFe-CPs only need a very low energy bar-
rier of 0.44 eV to activate the formation of O-O bond atop of 
Ni-O-Fe sites (Figure 5d), better than the Od-R-NiFe-CPs (1.96 
eV) (Figure 5b). Such a lower energy barrier corroborates the 
superior OER performance of S-R-NiFe-CPs, in line with our 
experimental electrochemical results (Figure 2c). This unam-
biguously demonstrates the benefits of engineering the contents 
of S centers to improve the OER activity of Od-R-NiFe-CPs cat-
alysts.  

Combining our DFT simulations with our experimental evi-
dence, Figures S45-S46 illustrate the overall schematic OER 
pathway (DSM) for the as-investigated Od-R-NiFe-CP and S-
R-NiFe-CP catalysts. Based on our investigations, targeted S 
atom modification plays a pivotal role in the optimization of the 
local electronic structure and adsorption behavior of the OER 
intermediates in S-R-NiFe-CPs. As a benefit of this strategy, 
high-valent Ni4+ and Fe4+ species are favorably formed in S-R-
NiFe-CPs (Figure 3), which can induce an enhanced concen-
tration of holes in the oxidized oxygen intermediates.60,61 These 
oxygen intermediates can be further activated by the facilitated 
formation of NiⅣ-O-FeⅣ moieties which further promote the 
generation of O2. As a result, the as-prepared S-R-NiFe-CP cat-
alysts excel through superior OER activity.  

CONCLUSIONS 

We introduce a convenient and economic anionic engineering 
strategy to design highly efficient S-R-NiFe-CP OER electro-
catalysts from reduced coordination polymers that outperform 
most reported NiFe-based catalysts. This strategy promotes the 
formation of crucial high-valent OER intermediates and their 
subsequent O-O bond formation, as demonstrated with comple-
mentary theoretical and in situ experimental investigations.   

Controlled sulfur introduction preferably refills the oxygen de-
ficiencies around Ni sites in the rationally constructed S-R-
NiFe-CPs. Tuned sulfur contents thus regulate the electronic 
structure and optimize the local coordination environments of 
the active centers in S-R-NiFe-CPs. Operando XAS studies 
showed that sulfur engineering facilitates the formation of high-
valent Ni4+ and Fe4+ species in S-R-NiFe-CPs, followed by their 
convenient reconstruction into S-NiⅣ-O-FeⅣ-O moieties dur-
ing the OER process. In contrast, analogous OER operando 
XAS tests of sulfur-free Od-R-NiFe-CPs revealed that the for-
mation of key NiⅢ/Ⅳ-O-FeⅢ/Ⅳ units was hindered. This is clear 
evidence for the beneficial influence of sulfur anionic tuning on 
the formation of key OER intermediates.  

pH-dependent investigations of both catalyst types further elu-
cidated their intrinsic OER mechanisms. Our results reveal a 
super-Nernstian behavior with decoupled proton-electron trans-
fer (PT/ET) characteristics for both Od-R-NiFe-CP and S-R-
NiFe-CP catalysts, suggesting that their OER processes proceed 
via a dual-site mechanism (DSM) pathway. DFT simulations 
further highlight the crucial role of S atoms in tuning the free 
energy of the individual OER steps for the CP catalysts. Due to 
their optimized adsorption behavior for OER intermediates, the 
as-prepared S-R-NiFe-CPs accelerate the reaction kinetics and 
exhibit a high OER activity that outperforms most recently re-
ported NiFe-based OER electrocatalysts.  

Our anionic modulation strategy for the heteroatom-driven en-
gineering of OER mechanisms guide the rational design of low-
cost water splitting electrocatalysts through convenient struc-
tural tuning of their sublattices and defects. We expect our com-
prehensive and mechanism-driven approach to optimize the ac-
tivity of a wide range of coordination polymers and heteroge-
neous catalysts.  

EXPERIMENTAL METHODS 

Chemicals. Nickel(II) chloride (≥ 98 %), nickel(II) nitrate hexahy-
drate (≥ 99.999 %), iron(II) chloride tetrahydrate (≥ 99 %), potas-
sium tetracyanonickelate(II) hydrate (≥ 99 %), potassium hydrox-
ide (≥ 99.97 %), sodium borohydride (≥ 98 %), trisodium citrate 
dihydrate (≥ 99 %), and thioacetamide (≥ 99 %) were purchased 
from Sigma-Aldrich. All chemicals were used as received without 
any further purification.  

Synthesis of NiFe-based coordination polymers (NiFe-CPs). 
NiFe-CPs were prepared based on our previous study with slight 
modifications.10 In a typical synthetic procedure, 1.6 mmol of 
nickel(II) chloride, 0.4 mmol of iron(II) chloride tetrahydrate, and 
1.5 mmol of trisodium citrate dihydrate were dissolved into 100 mL 
of deionized (DI) water and stirred for 15 min (denoted as solution 
A). Meanwhile, 2 mmol of potassium tetracyanonickelate(II) was 
dissolved into 100 mL of DI water and stirred for 15 min (denoted 
as solution B). Then, solution B was rapidly injected into solution 
A under magnetic stirring for 3 min. The solution mixture was aged 
for another 24 h at room temperature. Afterward, the as-obtained 
precipitations were collected by centrifugation and washed with 



 

ethanol and water several times. Finally, the collected samples 
(NiFe-CPs) were transferred into a drying oven at 70 ℃ overnight 
before use.  

Synthesis of reduced NiFe-CPs (R-NiFe-CPs). To synthesize R-
NiFe-CPs, the as-prepared NiFe-CP precursors (100 mg) were ul-
trasonically dispersed into 30 mL of ethanol for 15 min. Then, 60 
mL of 0.3 M of sodium borohydride solution were rapidly injected 
into the above NiFe-CP dispersion. The mixed dispersion was 
stirred for 5 h at room temperature. The final precipitations (R-
NiFe-CPs) were collected via centrifugation, washed with ethanol, 
and dried at 70 ℃ overnight.  

Synthesis of S modified R-NiFe-CPs (S-R-NiFe-CPs). To pre-
pare S-R-NiFe-CPs, a total of 20 mg of R-NiFe-CP precursors was 
ultrasonically dispersed into 6 mL of ethanol for 15 min. Mean-
while, a total of 2, 5, 10, 20, and 50 mg of thioacetamide was dis-
solved into 6 mL ethanol to form a transparent solution, respec-
tively. The as-prepared thioacetamide solution was rapidly poured 
into the R-NiFe-CP dispersion and continuously stirred for 10 min. 
The dispersion mixture was then transferred into a Teflon-lined 
stainless steel autoclave (20 mL) and reacted at 120 ℃, 140 ℃, and 
160 °C for 2 h, 4 h, and 6 h, respectively. The final precipitations 
(S-R-NiFe-CPs) were collected via centrifugation, washed with 
ethanol, and dried at 70 ℃ overnight. For comparison, R-NiFe-CPs 
without any sulfur modification (denoted as Od-R-NiFe-CPs, Od 

represents oxygen deficiencies) were also prepared through the 
same synthetic procedure in the absence of thioacetamide.  

Synthesis of NiFe-based oxides (NiFe-O). NiFe-O were prepared 
by calcination of as-synthesized R-NiFe-CPs in air at 350 ℃ for 2 
h. 

Synthesis of S modified NiFe-based oxides (S-NiFe-O). S-NiFe-
O were prepared via a similar synthetic strategy for S-R-NiFe-CPs, 
except for replacing R-NiFe-CPs precursors with the as-synthe-
sized NiFe-O. For comparison, NiFe-based oxides were prepared 
via a similar hydrothermal reaction route without any thioacetam-
ide additive. The as-obtained NiFe-based oxides obtained from the 
hydrothermal reaction were then denoted as NiFe-O. 
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