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HIGHLIGHTS

The ORR catalyst Ni3S2 undergoes

surface reconstruction under

catalytic conditions

Surface reconstruction generates

a highly active amorphous surface

NiS phase

The local coordination

environment of Ni surface sites

determines ORR activity

A simple coordination number

descriptor holds for ORR on nickel

sulfide catalysts
Crystalline Ni3S2 oxygen reduction reaction (ORR) catalysts undergo oxidative

surface reconstruction under catalytic conditions to generate an approximately

2 nm amorphous surface layer with NiS stoichiometry. DFT calculations establish a

simple local coordination number based descriptor for ORR catalysis and suggest

that Ni atoms surrounded by three S nearest neighbors display optimal activity.

The surface reconstructed Ni3S2 exhibits similar ORR activity to electrodeposited

amorphous NiS films.
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Context & Scale

In heterogeneous catalysis, only

the surface of the active material is

responsible for catalytic turnover.

These surfaces often undergo

dynamic changes that lead to

altered structures and

compositions relative to the bulk

of the material. Thus, the

development of improved

catalysts requires a detailed

understanding of these surface

dynamics under the conditions of

the reaction. Here, we uncover

these dynamics on an earth-

abundant catalyst, Ni3S2, that is
SUMMARY

The Ni3S2 bulk phase supports efficient oxygen reduction reaction (ORR) catal-

ysis in pH neutral aqueous electrolytes. Here, we combine electrochemistry,

surface spectroscopy, and high-resolution microscopy to show that Ni3S2 un-

dergoes self-limiting oxidative surface restructuring under ORR conditions to

form an amorphous surface film conformally coating the Ni3S2 crystallites. The

surface film has a nominal NiS stoichiometry and is highly active for ORR

catalysis. Density functional theory calculations suggest that, to a first approx-

imation, the catalytic activity of nickel sulfides is determined by the Ni-S coordi-

nation numbers at surface-exposed sites through a simple geometric descriptor.

In particular, Ni surface sites with three S nearest neighbors, formed via recon-

struction of the Ni3S2 surface, provide an optimal energetic landscape for ORR

catalysis. By providing a framework for understanding catalytic activity on re-

constructed amorphous surface phases, the work enables the rational design

of high-performance electrocatalysts based on kinetically labile, earth-abun-

dant materials.
highly active for the conversion of

oxygen to water, the efficiency-

limiting reaction in low-

temperature fuel cells. We

demonstrate that the surface of

this material transforms into a

disordered and active �2 nm NiS

layer. We establish that the

activity of materials of this type

can be estimated by simply

considering the number of S

atoms directly bonded to the Ni

active sites on the surface. This

simple geometric descriptor

enables the rational design of the

disordered structures that persist

on many catalytically active

surfaces.
INTRODUCTION

The interconversion of water and oxygen is a central chemistry underlying the stor-

age of renewable electricity in energy-dense chemical bonds.1 The oxidation of H2O

to O2 is the efficiency-limiting half reaction for the splitting of water to generate H2

fuel, whereas the reduction of O2 to H2O is the efficiency-limiting cathode reaction in

low-temperature fuel cells.2 Platinum group metals and their corresponding oxides

and chalcogenides are well-known catalysts for these reactions,3,4 but recent studies

have uncovered a diversity of earth-abundant first-row transition metal oxides5,6 and

chalcogenides7,8 that, depending on the reaction conditions, rival the activity of

their precious metal analogs.

Unlike their precious metal congeners, first-row transition-metal ions are labile,9,10

and as a result, the surfaces of these materials are expected to be more dynamic un-

der the conditions of catalysis. Indeed, the remarkable propensity for first-row tran-

sition-metal oxides to reconstruct and in many cases amorphize under the condition

of the oxygen evolution reaction (OER) has been well documented.11–13 Under-

standing these surface dynamics is critical for developing rigorous structure-function

correlations, because the surface phase rather than the bulk precatalyst carries out

the desired reaction. However, compared with the rich contemporary understanding

of surface phase transformations under OER conditions, there exists a paucity of in-

formation about the analogous dynamics that give rise to active surface phases for
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the oxygen reduction reaction (ORR). In part, this is due to the limited number of het-

erogeneous ORR catalysts containing first-row transition-metal ions. Pt alloys of Ni

and Co present a notable exception. For these alloys, the labile first-row transi-

tion-metal component undergoes oxidative dissolution, leaving behind Pt-rich skins

that display enhanced ORR activity.14,15 For Ru-based chalcogenide, RuxSey, in situ

grazing incidence X-ray absorption studies revealed surface distortion of the primary

coordination environment of Ru centers under ORR conditions.16 Despite these pre-

cedents, the surface phase dynamics of noble-metal-free ORR catalysts remain

almost entirely unexplored despite the expectation that they would be even more

susceptible to surface reconstruction under catalytic conditions.

First-row late transition metal chalcogenides (LTMCs) containing Fe, Co, and Ni have

been identified as a potent class of catalysts for the ORR.17,18 The best-performing

LTMCs exhibit ORR onset potentials in the range of 0.7–0.8 V versus the reversible

hydrogen electrode (RHE), requiring only �0.1 V greater overpotential than Pt. In

addition to being composed entirely of low-cost, earth-abundant elements, LTMCs

display excellent tolerance to crossover of fuels such as methanol and common fuel

contaminants such as CO, making them particularly promising as low-cost materials

for next-generation low-temperature fuel cell technologies.19 Despite their attrac-

tive qualities, the systematic improvement of the performance of these materials

has been impeded by a lack of coherent structure-function correlations that can

be used as the basis for rational catalyst design. Indeed, there remains a great

deal of ambiguity about the surface structures that are responsible for catalysis

because of the paucity of investigations that examine surface phase dynamics under

catalytically relevant conditions.20

Recently, we reported that the heazlewoodite, Ni3S2, bulk phase supports efficient

ORR catalysis under benign neutral pH conditions.21 The material displays superior

performance relative to the corresponding first-row transition-metal oxides with an

ORR onset potential of 0.80 V and, unlike Pt, is remarkably tolerant to poisoning by

electrolyte ions such as phosphate. These properties, combined with the known

tolerance of LTMCs to common liquid fuels, such as formate, make this material

particularly attractive for low-cost, membrane-free fuel cells.22–24 In order to enable

the systematic development of improved earth-abundant ORR catalysts, we now

probe the surface phase dynamics of this material to identify the active surface struc-

tures. We find that the surface layers of Ni3S2 undergo a self-limiting oxidative recon-

struction under ORR conditions to generate a conformal �2-nm-thick amorphous

nickel sulfide surface layer with an approximate stoichiometry of Ni:S 1:1. We

show via independent synthesis that this amorphous surface phase can account

for the high catalytic activity of Ni3S2 for the ORR under neutral pH conditions.

In order to probe the diverse surface chemistry that emerges upon reconstruction,

we performed density functional theory (DFT) calculations for ORR on several crys-

talline and amorphous nickel sulfide phases. Our analysis indicates that to a first

approximation, the key activity descriptor for ORR, the free energy of adsorbed

OH*, is determined by the local bonding environment of surface-exposed Ni sites

and dominated by their nearest-neighbor sulfur coordination number. We find

that surface Ni sites that have three sulfur neighbors possess optimal activity, and

such sites exist at the surfaces of several nickel sulfide phases. Furthermore, the

same geometric descriptor is found to hold for amorphous layers with NiS stoichiom-

etry. We apply these observations to show that the restructured amorphous surface

layer hosts optimally coordinated Ni sites primed for efficient ORR catalysis. This

work highlights the central role of surface reconstructions in defining catalytic
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performance, particularly on kinetically labile earth-abundant materials, and pro-

vides a descriptor-based approach for identifying the most active sites on the recon-

structed surface phase. Knowledge of these active structures and the surface trans-

formations that give rise to them enables the rational design of new material classes

for earth-abundant ORR catalysis.
RESULTS AND DISCUSSION

The Ni-S phase diagram consists of six stoichiometric nickel sulfide phases, which

range in composition from Ni3S2 to NiS2.
25 The heazlewoodite end member phase,

Ni3S2, examined in this study, crystallizes in the trigonal space group R32 with each

Ni bound to four S and four Ni nearest-neighbor atoms (Figure S1A). The Ni-Ni

bonds in Ni3S2 are 2.50 Å, only slightly longer than the corresponding bond length

of 2.44 Å observed in Ni metal. We synthesized Ni3S2 by combining Ni and S powder

in a stoichiometric ratio, followed by heating under vacuum in a sealed quartz tube at

600�C for 20 hr and then at 800�C for another 4 hr.26 Powder X-ray diffraction (Fig-

ure S1B) of this material reveals peaks corresponding only to heazlewoodite Ni3S2,
27

evincing the formation of a phase-pure sample. Transmission electron microscopy

(TEM) and scanning electronmicroscopy (SEM) reveal average crystallite dimensions

of several hundred nanometers (Figure S2).

The surfaces of the as-prepared Ni3S2 samples are structurally similar to the bulk

lattice. In line with literature reports, X-ray photoelectron spectroscopy (XPS) of

the as-synthesized Ni3S2 shows a Ni 2p3/2 peak at 852.7 eV, and S 2p peak at

162.5 eV28 (Figures 1A and 1B, black) in a 3:2 atomic ratio, along with an adventitious

O peak of low intensity at 531.8 eV. In addition, high-resolution TEM images of Ni3S2
particles uniformly display lattice fringes that extend to the edge of each crystallite

(Figures S3A and S3B). Together, these data indicate that the surfaces of Ni3S2 par-

ticles remain crystalline and are not subject to significant deterioration prior to the

electrochemical investigations detailed below.

The surfaces of Ni3S2 undergo self-limiting oxidative phase conversion under elec-

trochemical polarization. Freshly prepared Ni3S2 particulates were pressed onto

gold electrodes and examined by cyclic voltammetry (CV) in N2-saturated 1 M so-

dium phosphate (NaPi) electrolyte (pH 7). Consistent with Ni3S2 having a formal Ni

valency of 4/3, we observed a low open-circuit potential of 0.30 V (all potentials

are reported versus RHE). Scanning negative of this value reveals no discernable

CV features up to 0.00 V. However, on the first positive going scan, we observe a

large irreversible oxidative wave with a peak potential of Ep,a = 0.47 V (Figure 1D).

Notably, the peak of this oxidative feature resides�0.30 V negative of the onset po-

tentials for ORR on the Ni3S2 material. Upon scanning positive of the anodic peak,

the current rapidly declines, reaching a background level with no additional oxida-

tive features up until 0.9 V. Importantly, this oxidative peak is not accompanied by

any reductive features on the subsequent negative going scan and the magnitude

of the oxidative peak rapidly declines in subsequent scans and is not detectable

by the seventh CV cycle of a freshly prepared electrode. Together, the electrochem-

ical data establish that Ni3S2 surfaces undergo irreversible self-limiting oxidation un-

der electrochemical polarization to the potentials necessary for ORR catalysis.

XPS of the CV-cycled Ni3S2 electrode reveals a reconstructed surface with a reduced

Ni stoichiometry. On the surface, the Ni 2p3/2 peak shifts slightly to higher binding

energy from 852.7 to 853.0 eV, and we observe a small peak at 856.0 eV correspond-

ing to a minority surface population of Ni(OH)2 (Figure 1A, red).28,29 In addition, the
602 Joule 1, 600–612, November 15, 2017
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Figure 1. XPS and Electrochemical Characterization of Ni3S2 Surface Reconstruction

(A and B) High-resolution XPS of (A) Ni 2p3/2 and (B) S 2p regions. As-prepared Ni3S2, post-

oxidation surface, and bulk Ni3S2 are shown in black, red, and blue, respectively.

(C) XPS-derived Ni and S atomic ratios and percentages as a function of the number of Ar+

sputtering cycles.

(D) Initial CV scans of Ni3S2 recorded in N2-saturated 1 M sodium phosphate electrolyte (pH 7), at a

scan rate of 5 mV s�1 and rotation rate of 2,000 rpm.

See also Figure S4.
S 2p peak shifts from 162.5 to 161.7 eV, similar to the peak position observed for NiS

(Figure 1B, red).28,30 Following surface reconstruction, we observe a Ni:S atomic ra-

tio of 0.9:1.0 (Figure 1C). We also observe an O 1s peak at 531.60 eV (Figure S4,

blue) attributed to a minority surface population of Ni(OH)2 or surface-adsorbed hy-

droxide species.29 Following argon ion (Ar+) etching of the surface, the peak posi-

tions of Ni and S both return to the values typical of Ni3S2 and the O peak disappears

(Figures 1A and 1B, blue; Figure S4, red and black). The Ni:S atomic ratio increases

to 1.3:1.0 and 1.5:1.0 after one and two cycles of Ar+ sputtering, respectively. The

value stabilizes at �1.5:1.0, in line with the bulk stoichiometry of Ni3S2 (Figure 1C).

Together, the XPS results reveal that the surfaces of Ni3S2 undergo oxidative recon-

struction upon CV cycling in neutral electrolyte to form a new surface phase with an

approximate empirical formula of NiS.

High-resolution TEM (HRTEM) images suggest that the surface phase conversion is

accompanied by morphological changes. As the solid-state synthesis described

above produced particles too large (a few hundred nanometers) to discern changes

in nanoscale morphology, we prepared Ni3S2 nanoparticles following a procedure

adapted from the literature31 and used these samples for HRTEM investigations.

Similar to the solid-state prepared samples, the as-prepared nanoparticles display

uniform Ni3S2 lattice fringes extending to the edge of each crystallite (Figures 2A,

S3C, and S3D). These nanoparticles were affixed to a TEM grid and subjected to

potential cycling as described above until the oxidative peak declined to the

background level. Following this electrochemical treatment, we observed a thin
Joule 1, 600–612, November 15, 2017 603
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Figure 2. TEM Characterization of Surface-Restructured Ni3S2
(A and B) TEM images of (A) as-prepared and (B) post-electrolysis Ni3S2 nanoparticles. Fast Fourier

transforms are shown in the insets of (A) and (B) and confirm the crystalline nature of the bulk

material. The scale bars are 5 nm.

(C and D) Elemental composition determined from energy-dispersive X-ray spectroscopy (EDS) at a

series of spots along a line from the crystallite edge to the bulk (C) reveals the variation in Ni:S

composition across the crystallite (D).

See also Figures S3 and S5.
amorphous ‘‘shell’’ conformally coating each particle (Figures 2B and S5). By sam-

pling the shell thickness across ten particles, we obtained a histogram showing an

average shell thickness of 1.6 G 0.6 nm (Figures S6A and S6B). To gain more insight

into this self-limiting surface phase transformation, we performed chronoamperom-

etry (CA) in O2-saturated neutral electrolyte on the freshly prepared Ni3S2 nanopar-

ticles. At 0.71 V, we observed an initial anodic current corresponding to oxidative

restructuring, which rapidly decays to a steady-state cathodic value corresponding

to ORR catalysis (Figure S6C). The histograms of the amorphous surface layer thick-

ness after 23 s (immediately prior to the onset of net cathodic current), 2 min, and

5min of CA polarization (Figures S6D–S6F) reveal an average amorphous layer thick-

ness of 1.5 G 0.7, 2.0 G 0.9 and 1.9 G 0.4 nm, respectively. Prolonged polarization

beyond these time points does not lead to any further changes in the thickness of the

amorphous layer, consistent with the self-limiting nature of the oxidative restructur-

ing. To further probe this self-limiting surface restructuring, we performed pH-

dependence studies by recording CVs on freshly prepared Ni3S2 electrodes in pH

4.68, 7.02, 8.37, and 9.87 sodium phosphate electrolyte (Figure S7, details are dis-

cussed in the Supplemental Information). The experimental data are in line with the

Pourbaix diagram (Figure S8 and Table S1) we constructed from the thermodynamic

data of known nickel compounds, further substantiating the formation of amorphous

NiS (a-NiS) upon electrochemical cycling at neutral pH. Together, the data indicate
604 Joule 1, 600–612, November 15, 2017
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Figure 3. ORR Activity of Ni3S2 and Electrodeposited NiS

(A and B) Linear sweep (5 mV s�1 scan rate) voltammograms (LSVs) (A) and Tafel plots (B) of Ni3S2
(black), as-prepared NiS (blue), and annealed NiS (red). LSVs (A, solid lines) and steady-state

measurements (B) were recorded in O2-saturated 1 M sodium phosphate electrolyte (pH 7), at a

rotation rate of 2,000 rpm. LSVs recorded in N2-saturated electrolyte are plotted in dashed lines.

See also Figures S11–S13.
that the surface reconstruction of Ni3S2 generates an amorphous �2.0 nm a-NiS sur-

face layer that serves to passivate the Ni3S2 host from further oxidation.

Energy-dispersive X-ray spectroscopy (EDS) under scanning transmission electron

microscopy mode further confirms a Ni:S composition change in the thin surface

amorphous layer. EDS data were collected at a variety of points extending from

the edge of the nanoparticle to its interior (Figure 2C), and the corresponding

Ni:S atomic ratio is plotted in Figure 2D. At the edge of the particle, where the amor-

phous layer is present, the Ni:S atomic ratio is �1.0:1.0, and this ratio rapidly in-

creases to �1.5:1.0 as the scan proceeds to the interior of the Ni3S2 particle, reflect-

ing the bulk stoichiometry. These TEM data, combined with the electrochemical and

XPS data described above, indicate that the surfaces of Ni3S2 undergo oxidative re-

structuring at the potentials necessary for ORR catalysis, forming an amorphous

�2 nm layer with a nominal NiS stoichiometry.

To determine whether the amorphous surface layer is the active phase, we

compared the ORR activity of surface-restructured Ni3S2 with independently pre-

pared crystalline and amorphous NiS. We electrodeposited NiS on an Au RDE sub-

strate using a method adapted from previous reports.32,33 The as-prepared NiS film

was amorphous as judged by the absence of peaks in grazing incidence diffracto-

grams (Figure S10A). Following thermal annealing at 250�C under N2 for 3 hr, the

crystallinity of the film is improved and grazing incident XRD (GIXD) and XPS evince

the formation of crystalline NiS surface phases (Figures S10B–S10D). The ORR

activity of these materials was assessed in O2-saturated 1 M NaPi (pH 7). The

as-prepared Ni3S2 electrode undergoes surface oxidation in the first several CV

scans while simultaneously catalyzing ORR (Figure S9). The anodic peaks corre-

sponding to this oxidative surface reconstruction are observed at the same potential

as observed in the absence of O2 (Figure 1D), and upon completion of the surface

self-limiting reconstruction, the film displays robust ORR catalysis with an onset po-

tential (defined as the potential corresponding to �0.1 mA cm�2 geometric current

density) of 0.77 V (Figure 3A). Unlike Ni3S2, initial CV scans of as-prepared and ther-

mally annealed NiS display no oxidative features and are active for ORR catalysis

with an onset potential of 0.78 V, very similar to that of Ni3S2 upon surface transfor-

mation. Steady-state chronoamperograms for Ni3S2 and as-prepared and annealed

NiS were recorded at various applied potentials to construct Tafel plots of
Joule 1, 600–612, November 15, 2017 605



overpotential versus the logarithm of the activation-controlled current density (Fig-

ure 3B). Tafel plots for Ni3S2, as-prepared NiS, and annealed NiS samples nearly

overlay over the entire 1.5 decade range of Tafel data collection, and the steady-

state data are comparable with the linear sweep voltammograms (Figure S11), illus-

trating the similarity in these samples’ intrinsic ORR activities. Indeed, the slightly

higher activity of Ni3S2 at lower overpotentials may be explained by a slightly higher

electroactive surface area relative to NiS (Figure S12). At higher overpotentials, the

Tafel slopes for Ni3S2 and electrodepositedNiS rise, explaining why the current does

not reach the mass-transport-limited value (Figure S13). Together, these data

indicate that the Ni3S2 undergoes an oxidative transformation to generate an active

amorphous surface phase of nominal NiS stoichiometry.

The high activity of the amorphous surface films raises interest in identifying the na-

ture of the specific active sites responsible for ORR catalysis. Given the rich Ni-S

phase diagram, we expect a wide variety of possible active sites, especially in the

amorphous surface layer, and thus, it is necessary to develop general principles

that connect local structure to electrocatalytic activity. In order to probe the possible

active sites, we initially performed DFT calculations of ORR activity on low-index fac-

ets of several crystalline nickel sulfide phases: NiS2, Ni3S4, NiS, Ni9S8, Ni3S2 (Fig-

ure S14). The spectrum of local active site structures on these crystalline nickel sul-

fide phases and their corresponding calculated electrocatalytic activity were used

to formulate a correlation between the local coordination of active sites and their

associated ORR activity. This correlation was used to probe the origin of the high ac-

tivity of the restructured amorphous surface phase.

In the associative mechanism for ORR, the initial reduction of O2 leads to OOH*

(* represents adsorbed species) and subsequent oxygen-oxygen bond cleavage

yields O* and OH*, which are reduced to water.34 The electrocatalytic activity for

ORR is thus determined by the free energies of adsorption of OOH*, OH* and O*.

We computed the adsorption free energies of these intermediates on the known

crystalline phases of the nickel sulfide family (Figures S23–S27; Table S3). The effect

of solvation has led to improved predictions of activity for oxygen reduction and

evolution, largely building on the foundational understanding developed on interac-

tion of water on metal surfaces.35–39 The understanding of the interaction of water

with other classes of materials is limited, and in the case of sulfides, a precise solva-

tion structure of water and oxygen intermediates is not well established. Thus, there

is a need to develop a fundamental understanding of the interaction between sul-

fides and water-hydroxyl layers, which requires a concerted theoretical and experi-

mental effort leveraging both ab initio molecular dynamics and X-ray spectros-

copy.40 In the absence of a validated model for solvation at metal sulfide surfaces,

we make the simplifying assumption that its effect is minimal in describing trends

in adsorption energy for these materials.

We observe scaling between the adsorption energies of OOH* and OH* on the

various Ni-S phases. The scaling has a slope of 1 with an intercept close to 3.04,

as shown in Figure 4A. The slope of 1 is the same as that observed on metallic sur-

faces41,42, nanoparticles,43 and various transition-metal compounds such as oxides,

carbides, nitrides, and sulfides,44 and can be rationalized based on bond-order con-

servation principles45,46. It is worth emphasizing that the intercept of the scaling rela-

tion differs depending on the degree of solvation around the intermediates.47 On

metal surfaces, water stabilizes OH*much more relative to OOH*; on oxide surfaces,

however, there is no additional stabilization for either OOH* or OH*. As would be

expected, the calculated intercept is close to that observed on oxide surfaces.48
606 Joule 1, 600–612, November 15, 2017
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Figure 4. ORR Activity Predictions Based on DFT Calculations

(A) Scaling between adsorption free energies of OH* and OOH* on the various stable Ni-S phases. The black dots represent the adsorption energies

and the green dots represents the ensemble of adsorption free energies obtained from the BEEF-vdW functional that enables error estimation. The

best-fit line is given by DGOOH = DGOH + 3.04, and the intercept has a standard deviation of 0.17 eV. The black dotted lines represent the 1s lines.

(B) ORR activity volcano of nickel sulfide phases showing the expected limiting potential (bold line) and the limiting potential (dashed line) obtained

from a thermodynamic analysis, as a function of the DFT-calculated adsorption free energy of the intermediate OH*. The analysis suggests that multiple

Ni-S phases exhibit very high ORR activity (NiS2, NiS, Ni3S4, and a-NiS). a-NiS represents the amorphous Ni:S 1:1 phase.

(C) a-NiS structure constructed from ab initio simulated annealing.
An important consequence of scaling is that the activity is governed by the free

energy of one reaction intermediate,49–51 chosen to be the free energy of OH*

for this study. From the reaction free energies for the associative mechanism, we

can determine the limiting potential, UL, which is the highest potential at which

the reaction mechanism is downhill in free energy. This thermodynamic approach

has been used successfully in understanding trends in activity52 and selectivity53,54

in oxygen reduction and oxygen evolution.49 Using scaling, we can plot the

limiting potential, UL, as a function of the adsorption energy of OH*, DGOH*,

and is shown in Figure 4B. The strong-binding (left) leg is determined by the

removal of OH* and the weak-binding leg is determined by activation of O2 as

OOH*. A recently developed exchange correlation functional, Bayesian Error Esti-

mation Functional with van der Waals correlation (BEEF-vdW),55 allows for esti-

mating uncertainty in the predicted limiting potentials,56 and a more detailed

description of the approach is given in the Supplemental Information (Figures

S15–S17). Using this approach, a quantity known as the expected limiting poten-

tial, UEL, can be extracted, which gives the value of the limiting potential taking

into account the uncertainty associated with DFT calculations.

Based on DFT calculations, we find that Ni(111) binds OH* very strongly and lies on

the strong-binding leg. The addition of sulfur leads to a weakening of OH* bonding

to the active sites, which we find are the Ni centers. The DFT-computed adsorption

free energy of OH* for the various Ni-S phases is shown in Figure 4B, and we find that

several phases possess surface sites that have high activity. This raises the important

question of what common structural features exist among these surface sites. In or-

der to probe these features, we analyzed the structural environment around the

active site in search of a structure-energy-activity descriptor. Such descriptors

have been identified for metal electrocatalysts for ORR57–60 and recently for transi-

tion-metal oxides.61

We characterized the local environment of active sites through the coordination

numbers of nearest-neighboring nickel and sulfur atoms, CNNi and CNS. We con-

structed the simplest possible model that linearly depends on these coordination

numbers, i.e., DGOH = a1CNNi + a2CNS. We then carried out a least-squares fit
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Figure 5. Structure-Energy-Activity Descriptor Based on Local Geometry

(A) Correlation between DFT-calculated free energy of adsorption of OH* and that obtained from

the structure descriptor, based on the coordination numbers of the nearest-neighbor nickel and

sulfur atoms. The dashed line represents perfect agreement between the structure descriptor and

the DFT-computed DGOH.

(B) Structure-activity contour plot of the expected limiting potential, UEL, based on the structure

descriptor, DGOH = 0.29(0.08CN(Ni) + CN(S)), from the coordination numbers of the nearest-

neighbor nickel and sulfur atoms. The markers are plotted based on the local coordination around

the active site for the various Ni-S phases. All the highly active phases exhibit active sites with three

nearest-neighbor sulfur atoms albeit with different number of nickel neighbors.
involving all the calculated surface sites. We find, quite remarkably, a structure-en-

ergy descriptor relation: DGOH = 0.29(CNS + 0.08CNNi), which has a mean absolute

error of 0.13 eV (Figure 5A); the uncertainty in the descriptor is represented in Fig-

ures S19 and S20. This relation shows that the strong covalent Ni-S bonding affects

OH* adsorption much more than the weak Ni-Ni metallic bonding. Therefore, to a

first approximation, a simple geometric counting of S neighbors around the Ni sur-

face site provides a measure of the ORR activity.

Using this relation, we can rephrase the challenge of finding active ORR catalysts into

finding surface sites that have optimal local coordination. Our analysis suggests that

having three sulfur atoms bonded to the active site leads to high activity (Figures S21

and S20). Remarkably, all the most active nickel sulfide (Figure 4B) phases possess

this local coordination environment (Figure 5B), albeit with different Ni nearest

neighbors, highlighting the robustness of the simple structure-energy-activity

descriptor identified here. To further validate and probe the local effect, we consid-

ered adsorption on an amorphous structure (Figure 4C) with a composition of Ni:S

1.0:1.0, prepared through simulated annealing. We find that the same structure-en-

ergy descriptor based on the local environment determines the activity of sites on

the amorphous structure (Table S2) with an average prediction error within the un-

certainty of DFT-calculated binding energies.

This analysis suggests that surface sites, with suitable local coordination, can lead to

high electrocatalytic activity and that several nickel sulfide phases possess such sur-

face sites. These results imply that oxidative surface transformation of Ni3S2 serves to

generate persistent, active Ni sites bonded to three sulfur atoms, which support high

ORR activity. The identification of simple structure-energy-activity descriptors allows

for the rapid identification of candidatematerials and can accelerate the discovery of

Pt-free electrocatalysts for ORR. Given the rich surface dynamics present under elec-

trochemical conditions, the identification of structure-energy-activity descriptors al-

lows for a robust estimate of the activity of the non-equilibrium surface structures

that persist under reaction conditions.
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Conclusions

We have established that Ni3S2 undergoes an in situ oxidative self-limiting surface

reconstruction under the conditions of ORR catalysis in neutral aqueous electrolytes.

This reconstruction serves to generate an approximately 2 nm conformal amorphous

surface film with an approximate Ni:S ratio of 1:1. The surface-restructured Ni3S2 ex-

hibits similar ORR activity to independently electrodeposited NiS phases, indicating

that the reconstructed surface provides the active sites for ORR catalysis. DFT calcu-

lations reveal that the OH* adsorption energy (DGOH*) on the a-NiS surface phase re-

flects the distribution in local coordination environments at surface-exposedNi sites.

Using an array of crystalline model structures, we have developed, for the first time, a

coordination chemistry descriptor for ORR activity on nickel sulfide materials, which

highlights the key role of the local coordination environment of the active site. This

coordination chemistry descriptor, combined with knowledge of the pathways for

surface reconstruction, provides a refined paradigm for designing earth-abundant

catalysts that emphasizes the search for materials whose surfaces can serve as preca-

talysts that reconstruct to generate optimally coordinated active sites for ORR.

EXPERIMENTAL PROCEDURES

Bulk Ni3S2 Synthesis

Phase-pure Ni3S2 was prepared by solid-state synthesis.26 Ni powder (15 mmol, 0.88 g)

and S pieces (10 mmol, 0.32 g) were thoroughly mixed and ground in a mortar and

pestle. The mixture was sealed under vacuum inside a quartz tube and heated for

24 hr at 600�C followed by 4 hr at 800�C. The resulting product was cooled to room tem-

perature, ground to a fine powder first bymortar and pestle and then ball milled for 1 hr.

TheNi3S2 electrode was prepared by casting 50 mL of a 10mgmL�1 Ni3S2 suspension in

ethanol onto an Au RDE to fully cover the Au surface. After drying in air, the electrode

was pressed by a pellet press to obtain a flat surface of Ni3S2.

Ni3S2 Nanoparticle Synthesis

To a 50 mL three-neck flask, 200 mg nickel(II) 2,4-pentanedionate and 10 mL 1,5-

pentanediol were added. Under stirring, a solution of 75.9 mg cystamine dihydro-

chloride in 10 mL of 1,5-pentanediol was added to the nickel solution. The resulting

mixture was degassed with N2 and heated under N2 reflux for 30 min. After cooling

to room temperature, the suspended material was isolated via centrifugation at

5,000 rpm for 5 min. The crude product was then washed twice using 5mL of 2-prop-

anol and then twice with 5 mL of acetone. In each washing step, the sample was re-

suspended with a vortex mixer and re-isolated via centrifugation at 5,000 rpm for

5 min. The product was then dried in air at 60�C for 3 hr and stored in the glovebox.31

NiS Film Electrodeposition

Fifty milliliters of 0.1 M NiCl2$6H2O solution was mixed with 10 mL of 0.1 M aqueous

solution of D-(�)-tartaric acid and stirred for 20 min. Then, 25 mL of 0.1 M thioaceta-

mide solution was added and stirred for an additional 10 min. The final volume of the

solutionwas adjusted to 100mLwith water. The pHof this working solutionwasmain-

tained at 5.5 by adding 28% ammonium hydroxide solution. A polished Au RDE was

used as the substrate and working electrode and, together with a Pt mesh counter

electrode and an Ag/AgCl reference electrode, an electrochemistry cell was con-

structed. Consecutive CV scans from �0.38 to 0.72 V versus RHE were performed

at a scan rate of 5 mV s�1. During the deposition, the working electrode was rotated

at 600 rpmand the solutionwas continuously bubbledwithN2. After 10 cycles, theAu

RDE working electrode was removed from the deposition bath, gently washed with a

copious amount of MilliQ water, and dried at room temperature in air. The as-pre-

pared NiS films were annealed at 250�C for 3 hr in an N2 atmosphere.32,33
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Physical Characterization

XRD, XPS, SEM, TEM, and EDS were conducted to reveal the composition, phase,

morphology, and structure of each material under investigation (see Supplemental

Experimental Procedures for further details).
Electrochemical Characterizations

CV, CA, and potentiostatic Tafel data were collected using a Biologic VSP 16-chan-

nel potentiostat or a Gamry Reference 600 potentiostat (see Supplemental Experi-

mental Procedures for further details).
Computation

DFT calculations were performed using GPAW62 with the BEEF-vdW exchange correla-

tion functional55 using the Atomic Simulation Environment (ASE).63 Core electrons were

described using the Projector Augmented Wave Function (PAW), and k points were

represented using Monkhorst Pack grids. All calculations were performed with a grid

spacingof 0.18 Å and convergedwith a force criterion of<0.05 eV/Å. A 63 63 1 k-point

grid was used for a unit cell having 3 atoms each in the x and y directions and with 4

layers in the z direction. The bottom two layers were fixed and the remaining layers

were allowed to be relaxed. The free energies of oxygen intermediates were calculated

using DFT, under standard conditions and at a potential of 0 V versus RHE by incorpo-

rating entropy contributions and zero-point energy. The effect of potential, U, is

included by shifting the free energy of an electron by –eU.
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