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11 ABSTRACT: Oxygen evolution reaction (OER) is a pivotal process in many energy conversion and storage techniques,
12 such as water splitting, regenerative fuel cells, and rechargeable metal-air batteries. The synthesis of stable, efficient, non-
13 noble metal-based electrocatalysts for OER has been a long-standing challenge. In this work, a facile and scalable method to
14 synthesize hollow and conductive iron—cobalt phosphide (Fe—Co—P) alloy nanostructures using an Fe—Co metal organic
15 complex as a precursor is described. The Fe—Co—P alloy exhibits excellent OER activity with a specific current density of
16 10 mA/cm” being achieved at an overpotential as low as 252 mV. The current density at 1.5 V (vs reversible hydrogen
17 electrode) of the Fe—Co—P catalyst is 30.7 mA/cm?, which is more than 3 orders of magnitude greater than that obtained
18 with state-of-the-art Fe—Co oxide catalysts. Our mechanistic experiments and theoretical analysis suggest that the
19 electrochemical-induced high-valent iron stabilizes the cobalt in a low-valent state, leading to the simultaneous

20 enhancement of activity and stability of the OER catalyst.

21 KEYWORDS: Fe—Co—P alloy, self-assembly, hollow sphere, XANES, EXAFS, oxygen evolution reaction

2 xygen evolution reaction (OER) has received great
23 O research interest in recent years toward the

implementation of energy conversion and storage
25 techniques, such as photoelectrolytic/electrolytic water split-
26 ting, regenerative fuel cells, and rechargeable metal-air
27 batteries.'™” Due to the sluggish reaction kinetics of OER,
28 large amounts of noble metal oxides (eg, IrO, and RuO,) are
29 required to overcome the activation energy barriers of O—H
30 bond breaking and O—O bond formation.”” It has been one of
31 the more longstanding challenges to reduce or even eliminate
32 the use of noble metals in OER, especially when the activity,
33 stability, cost-effectiveness, and environmental benignity are
34 considered in evaluating the proposed alternative catalyst.'’~"”
35 Hence, the development of a low-cost, stable OER catalyst
36 without sacrificing catalytic performance is crucial. Great
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progress has been achieved in the past decade in exploring 37

new OER catalysts as alternatives to IrO, and RuO,.'®" 3

Various metal oxides, including cobalt oxides,**™** manganese 39
oxides,”*™%® Ni—Fe oxides,”’ Ni—Co oxides,”**° Ni—Fe—Co 40
oxides,®® and others,®>' were synthesized and investigated as 41
catalysts to OERs. Metal hydroxides/oxyhydroxides, such as 4
nickel hydride,”* nickel—cobalt double hydroxide,*® cobalt— 43
chromium double hydroxide,”* nickel—vanadium double 44
hydroxide,” and cobalt oxyhydroxide,*® have been intensively 45

studied for their attractive OER performance. Koper and 46
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Fe-Co-P Alloy Hollow Spheres

Fe/Co/C Hollow Spheres

Fe/Co MOC Hollow Spheres
Figure 1. Schematic illustration of hollow Fe—Co—P alloy material synthesis. The Fe—Co MOC was prepared via a hydrothermal reaction

with Co(NO,),"6H,0 and FeCl, as the metal sources and trimesic acid as the ligand. The trimesic molecule was coordinated with Co or Fe
ions to form a metal organic complex structure (inset a). Fe—Co oxide/C hollow spheres were obtained after carbonization at 500 °C in Ar. A

mixture of CoFe,0, and Co was observed in the Fe—Co oxide/C hollow spheres (inset b). A Fe—Co—P alloy nanostructure was obtained after
a controlled phosphidation by in situ-generated PH;. The crystal structure of the Fe—Co—P alloy is presented in inset c.

LAY AR
LA AN
AN,y

WAV S

AW AW

B AR *
B A Y
N\ AR N L L

Figure 2. Morphology and elemental distribution of the Fe—Co—P nanostructures. (a—c) Scanning electron microscopy images (inset: TEM
images) of the prepared Fe—Co MOC, CoFe,0,-based metal oxide/C composites, and Fe—Co—P nanostructure. (d) High-resolution TEM
image of the Fe—Co—P nanostructure with a corresponding fast Fourier transform pattern. (e) Colored Z-contrast HRTEM image of the Fe—
Co—P nanostructure. (f) Scanning TEM image and the corresponding elemental mapping of (g) carbon, (h) cobalt, (i) iron, and (j)

phosphorus.
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colleagues showed that Ni—Fe and Ni—Mn double hydroxides
can be promising OER catalysts based on a joint theoretical—
experimental study.”” Bell and co-workers mechanistically
revealed the origin of pronounced OER activities of Ni—Fe-
based oxyhydroxides.” Due to the low intrinsic electrical
conductivity, metal oxide/hydroxide/oxyhydroxide materials
have high char%e transfer resistance, resulting in large
overpotentials.””*" Hybridization with various carbonaceous
materials, such as raphene,“’42 heteroatom-doped graghene,
carbon nanotube,*** and porous carbon nanosheets,* have
been explored. More recently, metal sulfides and nitrides with
better intrinsic electrical conductivity have been investigated.
Zhang’s group fabricated Co—S nanosheets on carbon tubes
embedded on carbon paper, which exhibited comparable
overpotentials to benchmark RuO,.*® In another work, Ni;N
nanosheets were employed as an efficient OER catalyst due to
their metallic nature and disordered structure.”” The structural
stability of carbon-hybridized materials and metal sulfides or
nitride nanosheets in OERs are still challenging,48 which
hinders their implementation in OER-related applications.
Emerging phosphide™ ™' compounds exhibit the most
interesting OER performance (i.e, superior electrochemical
activity, long-term stability, and low cost); however, the OER
mechanism of phosphide compounds remains unknown due to
their complicated compositions.

In this work, a facile and scalable method for preparing
hollow and conductive Fe—Co—P alloys with outstanding OER
catalytic properties is reported. The hollow structure provides
abundant active surface sites and short mass transfer pathways.
The metallic conductivity facilitates charge transfer, and the
uniform structure enables the structure—properties relationship
investigation. This general approach of designing multifunc-
tional alloy OER catalysts could be applied in a variety of
related research topics, such as fuel cells, electrolyzers, and
metal-air batteries.

Synthesis of Fe—Co—P Alloy Materials. A schematic
illustration for the preparation of the Fe—Co—P catalyst is
displayed in Figure 1. The Fe—Co metal—organic complex
(MOC) was prepared by a hydrothermal reaction. To prepare
the initial Fe—Co MOC, iron chloride (FeCl;) and cobalt
nitrate (Co(NO;),-6H,0) with a stoichiometric ratio of 3:2
were dissolved in a solvent mixture of N,N-dimethylformamide,
ethanol, and water with trimesic acid (BTC) as the ligand. The
mixture was heated at 150 °C for 12 h, allowing the formation
of an Fe—Co MOC structure through a self-assembly process
(Figure 1a). The Fe—Co MOC was then annealed at 500 °C in
Ar with a ramp rate of 2 °C/min. The organic ligands were
carbonized, and metal (Fe/Co) oxides were formed. Sodium
hypophosphite (NaH,PO,) was used as the phosphorus (P)
source due to its low toxicity. Upon heating, NaH,PO,
thermally decomposed and released PH; which converted
the metal oxide/C structure into an Fe—Co—P alloy.52 No
surfactant or template was applied in the entire process, which
avoided labor-intensive post-treatment and enabled a cost-
effective scale-up.

Characterization of Fe—Co—P Alloy Materials. The
precursor Fe—Co MOC materials and their carbonization and
phosphidation products were characterized. The scanning
electron microscopy (SEM) imaging in Figure 2a shows that
the Fe—Co MOC structure assembles into highly uniform
nanospheres. The transmission electron microscopy (TEM)

image in the inset revealed the hollow cavities of Fe—Co MOC

109

as evidenced by the obvious contrast difference. The details of 110

the structure evolution are illustrated in Figure S1. During the
hydrothermal reaction, the iron and cobalt metal ions
coordinated with trimesic acid and formed small clusters in
the first 6 h of reaction. Followed by another 3 h reaction, the
clusters aggregated into the solid spheres, as shown in Figure
S1b. The formation of the bigger particles could be explained as
the Ostwald ripening process. At the same time, the materials
within the particle recrystallized under hydrothermal condition.
The crystallized materials were formed on the surface of the
particle, resulting in a hollow spherical hierarchical structure.
Such a dissolution/crystallization process has been reported
previously in our report.”® The carbonization of Fe—Co MOC
was also studied by thermogravimetric analysis (TGA) over a
temperature range from room temperature to 800 °C, which
revealed that there were several weight loss steps, as shown in
Figure S2. The annealing temperature (S00 °C) ensured
carbonization without causing further degradation. After
carbonization, the hollow structure was largely maintained in
the metal oxide/C composites (mostly of CoFe,0,), and no
significant structural collapse was observed (Figure 2b).
Phosphidation was undertaken following a previously reported
procedure;” however, the annealing temperature and reaction
time were adjusted to achieve an optimized product. After
phosphidation, a hollow Fe—Co—P nanostructure was obtained
(Figure 2c). High-resolution TEM (HRTEM) images in Figure
2d showed d-spacings of 2.44 and 2.77 A, which can be indexed
to the interplane of (111) and (011) of the Fe—Co—P alloy,
corresponding to the fast Fourier transform (FFT) pattern. The
values of the d-spacing were between those of FeP and CoP,
suggesting an alloy formation of nanostructured Fe—Co—P.
The carbon matrix, which improved electric conductivity, was
not only characterized by Raman spectroscopy (Figure S3) but
also observed and visualized in a colored HRTEM image
(Figure 2e). A scanning transmission electron microscopy
(STEM) image of the Fe—Co—P alloy (Figure 2f) further
confirmed the presence of a highly porous hollow sphere
structure. The elemental maps of carbon, iron, cobalt, and
phosphorus were also measured by STEM energy-dispersive X-
ray spectroscopy (EDX), which demonstrated that all of the
elements were homogeneously distributed in the Fe—Co—P
alloy nanostructures. The specific surface areas of Fe—Co
MOC, Fe/Co/C and Fe—Co—P alloy were determined
through the Brunauer—Emmett—Teller (BET) method (Figure
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S4). The Fe—Co MOC showed a specific surface area of 1s4

157.7m?/ g. After carbonization, the specific surface area of Fe/
Co/C was 62.1m?/ g. It is worth noting that the specific surface
area of Fe—Co—P alloy increased to 104.1 m’/g after
phosphidation, which increased the catalytic sites for the
oxygen evolution reaction. The Fe—Co—P alloy samples with
different Fe/Co ratio were synthesized (Figure SS) as well to
explore the optimized composition for OER catalysts.

The structure of the as-prepared materials was investigated
by X-ray diffraction (XRD) and analysis of the diffraction
patterns (Figure 3). After carbonization at S00 °C, the organic
ligand decomposed, as evidenced by the infrared spectrum in
Figure S6. Several characteristic peaks related to metal oxides
emerged in the XRD results (Figure 3a), which can be
attributed to the formation of the spinel structure of CoFe,O,.
Small peaks, related to metallic Co, were also detected in Figure
3a, which may have been formed by carbon-reduced cobalt
oxide at 500 °C. Phosphidation was conducted after the
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Figure 3. Powder X-ray diffraction profiles of as-prepared CoFe,0,
(with residual Co), FeP, CoP, and Fe—Co—P. (a) CoFe,0, (with
Co), (b) FeP, (c) CoP, and (d) fresh Fe—Co—P. During
carbonization, the Fe—Co MOC was converted to a mixture of
metal oxide/metal (CoFe,0, and Co metal). After phosphidation at
400 °C, Co MOC was fully converted to CoP and Fe MOC was
partially phosphorized.

carbonization. Before analyzing the complicated ternary Fe—
Co—P alloy, FeP and CoP were studied individually. The single
metal phosphides, FeP and CoP, were prepared by the same
phosphidation procedures with the exception of using only an
Fe or Co precursor. Figure 3b shows the phosphidation results
of the Fe-MOC-derived materials, which indicate that partial
phosphidation was achieved with Fe;O, Fe,P, and FeP
coexisting. The dominant peaks belong to Fe;O,. The scattered
peaks at 32.7, 37.2, 46.3, 46.9, and 48.3° can be assigned to the
(011), (111), (112), (202), and (211) planes of FeP (JCPDS
No. 01-078-1443), respectively. Unlike Fe MOC, Co MOC was
successfully converted into pure CoP under the same reaction
conditions. As can be seen in Figure 3c, the peaks at 31.6, 36.3,
46.4, 48.5, 52.4, and 56.8° are attributed to the (011), (111),
(211), (103), and (321) planes of CoP (JCPDS No. 00-029-
0497), respectively. No oxides or other cobalt phosphides (i.e.,
Co,P, CoP,, and CoP;) were observed in Figure 3c, suggesting
that Co MOC was fully converted to CoP. The phosphidation
product of CoFe,0, is shown in Figure 3d. XRD peaks of Fe—
Co—P obtained from phosphidation at 400 °C showed the
same pattern as that of the CoP with the exception that they are
located between the references peaks of FeP and CoP, with the
peak positions at 32.2, 36.9, and 51.3° corresponding to the
(011), (111), and (103) planes of Fe—Co—P, respectively. The
theoretical peak positions of the Fe—Co—P alloy were also
calculated by Vegard’s law,”* which was consistent with the
experimental results, indicating the as-prepared Fe—Co—P was
a uniform alloy. It should be noted that to prepare a uniform
metal phosphide, an optimized temperature is crucial both
thermodynamically and kinetically. When the phosphidation

temperature was set to 350 °C, CoFe,O, was partially
phosphorized, as shown Figure S7. Peaks attributed to
CoFe,0, were still observed and accompanied by the formation
of the Fe—Co—P alloy. The partially phosphorized sample was
also characterized by STEM-EDX (Figure S8). Elemental
mappings showed that the phosphorus content on the surface
was much higher than that of core parts, suggesting nonuniform
phosphorus distribution due to partial phosphidation.
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Fe—Co—P Alloy OER Catalyst Evaluation. The OER 210

electrocatalytic properties of the prepared Fe—Co—P alloy
catalyst, its monometallic counterparts (CoP and FeP), and

CoFe,0, were measured in N,-saturated 1 M KOH electrolyte
using a rotating disk electrode. In Figure 4a, the Fe—Co—P
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Figure 4. Electrochemical properties of the Fe—Co—P alloy as an
OER electrocatalyst. (a) OER polarization curves, (b) Tafel plots,
(c) comparison of overpotentials and current densities, and (d)
Nyquist plots for the Fe—Co—P alloy, CoP, FeP, and CoFe,0,
nanostructures. (e) Chronopotentiometric and chronoamperomet-
ric tests of the Fe—Co—P alloy catalyst at a constant current density
of 10 mA/cm* (V—t) and overpotential of 252 mV (i—t),
respectively. All the measurements were performed in 1 M KOH
with a rotating disk electrode.

catalyst demonstrated a much lower onset potential and higher
specific current compared to CoP, FeP, and CoFe,0,,
indicating that it has excellent intrinsic OER catalytic activity.
Specifically, the overpotential of the Fe—Co—P alloy catalyst
required for achieving a specific current density of 10 mA/cm*
was only 252 mV, which was significantly lower than that of
CoP (320 mV), FeP (361 mV), and CoFe,O, (443 mV). The
overpotentials of Fe—Co—P alloy catalysts with different Fe/Co
ratios were compared in Figure S9. The results indicated that
Fe and Co with an atomic ratio of 3:2 exhibited the best OER
performance. (Under a specific current density of 10 mA/cm?,
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Figure 5. Investigation of the electronic structure of the Fe—Co—P catalyst via high-resolution XPS analysis before and after the OER test. (a—
c) Fe 2p, Co 2p, and P 2p XPS spectra of the Fe—Co—P alloy catalyst before the OER test. (d—f) Fe 2p, Co 2p, and P 2p XPS spectra of the
Fe—Co—P catalyst after the OER test. The Co 2p;,, peaks after the OER showed that the valences of Co were similar to those of fresh Fe—
Co—P catalyst, indicating the Co elements were stable under the reactions. A peak for FeOOH (green area) was observed, suggestive of an
enhanced valence state of Fe after the OER reaction in the Fe 2p XPS spectrum. The black lines in (a—e) are the experimental data. The red
lines in (a—e) represent the curve fitting using the Gaussian—Lorentzian algorithm. The orange areas in (a,d), red areas in (b,e), and light
blue areas in (c,f) are the metallic peaks for Fe, Co, and P, respectively. The yellow areas in (a,c,e,f) could be associated with oxidation due to
air contact. The blue areas in (a,d) and (b,e) are Co and Fe auger peaks.

226 the overpotentials of Fe—Co—P alloy samples with Fe/Co =
227 3:1 and Fe/Co = 1:1 were 348 and 303 mV, respectively.) Tafel
228 plots in Figure 4b showed that the Tafel slope for the Fe—Co—
229 P alloy catalyst was 33 mV/dec, confirming the four-electron-
230 transfer reaction pathway.””> The other catalysts had much
231 higher Tafel slopes with values of 40 mV/dec for CoP, 58 mV/
232 dec for FeP, and 79 mV/dec for CoFe,0,, indicating a lower
233 conversion efficiency in water oxidation. Remarkably, compar-
234 isons of the delivered current density at a specific overpotential
235 of 270 mV (E = 1.50 V vs reversible hydrogen electrode, RHE)
236 revealed that the Fe—Co—P alloy catalyst exhibited a value of
237 30.70 mA/cm?, which is more than 3 orders of magnitude
238 higher than that of CoFe,0, (0.02 mA/cm? Figure 4c).
239 Compared to the monometallic phosphides, the Fe—Co—P
240 catalyst also showed greatly improved activity, with current
241 densities ~100 times higher than that of FeP and 45 times
242 higher than that of CoP. The charge transfer resistances were
243 analyzed by the Nyquist plots in Figure 4d. The solution
244 resistance was consistent for all the measurements with a value
245 of 6 Q (Figure 4d, inset). The carbonized metal organic
246 complex (CoFe,0,) showed a much higher interfacial charge
247 transfer resistance of approximately 300 Q as compared to that
248 of the Fe—Co—P alloy (13 Q), CoP (18 Q), and FeP (26 Q),
249 which is consistent with their OER activities (CoFe,O, < FeP
250 < CoP < Fe—Co—P alloy) and signifies the obviously greater
251 reaction kinetics of metal phosphides. The comparison of the
252 OER performance between this Fe—Co—P alloy catalyst and
253 other transition metal phosphide systems are provided in Table
254 SI. The electrochemical stability of the prepared Fe—Co—P
255 catalyst was tested by both chronopotentiometric (V—t) and
256 chronoamperometric (i—t) methods, as shown in Figure 4e.
257 For a constant current output at 10 mA/cm?, the required
258 overpotential after a 24 h test increased only 21 mV compared

=

fust

to the initial test (252 mV). In the i—t stability test, the 259
retention of current density was 92% (with a loss of only 0.8 260
mA/cm?) after a 24 h test. Both measurements suggested that 261
the prepared Fe—Co—P alloy OER catalyst was not only highly 262
active but also very stable in an electrochemical environment. 263
The stabilities of the FeP and CoP catalysts were also tested in 264
Figure S10, in which CoP was active at the beginning but 265
degraded quickly, while FeP was less active but stable 266
throughout. In the first and second CV scans, an irreversible 267
anodic peak was observed at 1.24 V for the Fe—Co—P alloy 268
(Figure S11), which could be associated with the formation of 269
metal oxyhydroxides.56 Similar irreversible changes were also 270
observed for CoP and FeP but with much higher oxidation 271
potentials at the onset, indicating the modified electronic 272
structure of the Fe—Co—DP catalyst caused by the ternary alloy 273
formation. 274

XPS/XAS Analysis and Simulation. The outstanding 275
OER performance of the Fe—Co—P alloy catalyst benefits from 276
its enhanced intrinsic conductivity. Density of states (DOS) 277
values were calculated to inspect the electronic structure of 278
FeP, CoP, and the Fe—Co—P alloy (Figure S12a). Compared 279
with the DOS of FeP and CoP, the DOS of Fe—Co—P alloy 280
had a higher ratio of states located near the Fermi level, 281
indicating a better conductivity of the ternary alloy. In contrast, 282
the DOS of the other Fe- or Co-containing materials such as 283
FeCo,0, (1.194 €V) and FeOOH (1.968 eV) had large band 254
gaps.”” The crystal structure and model electron density are 285
provided in Figure S12b. To further investigate the local surface 286
changes of the catalyst along with the OER, the Fe—Co—P alloy 287
electrodes were analyzed before and after a reaction by surface- 288
surveying XPS and high-resolution XPS. In the wide range, 289
surface-surveying XPS (Figure S13) detected Fe, Co, P, C, and 290
O peaks. The atomic ratio between Fe and Co was 3:2, which 291
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292 was consistent with the stoichiometric ratio between the Fe and
293 Co precursors and suggestive of an accurate control of Fe—
294 Co—P catalyst composition. The appearance of small amounts
295 of oxygen was possibly from either slight oxidation of Fe/Co
296 induced by air exposure or the surface functional OH groups of
297 the carbon layers.”®>” The carbon peaks were consistent with
20 the HRTEM image (Figure 2e), which showed the formation of
299 amorphous carbon layers. As shown in Figure Sa, the Fe 2p;/,
300 at 707.1 eV was observed, which was positively shifted
301 compared to metallic Fe (706.8 eV) while slightly negatively
302 shifted (0.4 eV) compared to pure FeP (707.5 €V).”" The
303 results could be attributed to the existence of neighboring Co
304 atoms that balance the oxidation state of Fe. In contrast, the Co
305 2p3,, peaks (778.5 eV) in Figure Sb showed a higher binding
306 energy than pure CoP (778.1 ev),*! indicating electron
307 donation from Co to P and to Fe in the Fe—Co—P alloy
308 system. The peaks with binding energies of 128.8 and 129.5 eV
309 in Figure Sc could be assigned to P 2p;,, and P 2p, ,,, which
310 were shifted to lower binding energy positions compared to
311 those of elemental phosphorus, indicating the electron
312 donation from both Fe and Co to P. After OER, a prominent
313 peak on the Fe 2p;,, spectrum with a binding energy of 711.1
314 eV was observed in Figure 5d, which could be associated with
315 the electrochemically formed FeOOH.®>®* The Co 2p;,, peaks
316 after the OER in Figure Se showed that the valence status of Co
317 was similar to that of the fresh Fe—Co—P catalyst, suggesting
318 that the Co elements were stable under such reactions. Similar
319 results were also observed in other Co/Fe-OOH systems,” in
320 which the Fe was believed to be capable of stabilizing the Co
321 species. No obvious peak shits of P 2p were observed after the
322 OER (Figure Sf), indicating the stability of the P element in the
323 catalyst. The yellow peaks in Figure Sa,c,e,f were associated
324 with surface oxidation due to the air exposure. Co and Fe auger
325 peaks were also observed and marked in dark blue (Figure
326 5a,b,d,e).56 The electronic structure change of binary alloy
327 catalysts FeP and CoP were also investigated, as shown in
328 Figure S14. For FeP catalyst, the peak related to oxyhydroxide
329 was observed after the OER, which is similar in the case of Fe—
330 Co—P catalyst. Compared with the Co 2p;,, peaks in the Fe—
331 Co—P catalyst, clear peak shifts from metallic Co to Co(OH),
332 and CoOOH were observed in the CoP catalyst after OER.
333 Co and Fe K-edge X-ray absorption near-edge structure
334 (XANES) spectra were collected for the Fe—Co—P alloy
335 catalyst before and after OER. As shown in Figure 6a,b, a tiny
336 pre-edge peak (~0.01 in height) of Co(Il) is present in
337 Co(NOs;),-6H,0. For the Fe—Co—P alloy, a much higher peak
338 (~0.2 in height) was observed with an edge energy of 7709 eV,
339 which is the same as that obtained for a Co foil and illustrates
340 the metallic nature of Co in the Fe—Co—P alloy. A broad
341 leading edge peak with a height of ~0.15 (edge energy 7112
302 eV) was observed in the Fe K-edge data, consistent with the
343 metallic nature of Fe in the Fe—Co—P alloy. After OER (Figure
344 6b), an increase in the white line intensity (~7725 eV at the Co
345 K-edge and ~7132 eV at the Fe K-edge) of the XANES spectra,
346 as well as a shift in the leading edge to higher energy, was
347 observed for both Co and Fe, suggesting the formation of
348 oxidized species on the catalyst surface. The edge energies of
349 both the Co and Fe edges remain the same as the fresh
350 catalysts, which suggests the bulk of the catalyst remains in the
351 Fe—Co—P alloy.

352 Co and Fe K-edge extended X-ray absorption fine structure
353 (EXAFS) spectra were also collected for the Fe—Co—P alloy
354 catalyst before and after OER and fitted using modified FeP
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Figure 6. X-ray absorption spectra of the Fe—Co—P catalyst before
and after OER. (a,b) XANES spectra at Co K-edges and Fe K-edges
of the Fe—Co—P catalyst before OER. (c—f) Fourier transformed
k™3 weight EXAFS oscillations measured at Co K-edge and Fe K-
edge of the Fe—Co—P catalyst before and after OER.

and CoP crystal structures as the models. The fitting results are 3ss
shown in Figure 6¢—f and summarized in Table 1. EXAFS 35611
fitting results of the Co K-edge data of the fresh catalyst 357
confirm that the average coordination number of the Co sites is 358
approximately 5 before OER, suggesting the presence of 359
coordinated unsaturated Co sites (CoP has 6 P atoms 360
surrounding each Co). Co—P and Co—Co(Fe) distances are 361
about 2.24 and 2.63 A, respectively, very similar to the Co—P 362
and Co—Co distances in CoP. EXAFS fitting results of the Fe— 363
Co—P after OER indicate that the average P coordination 364
number of the Co sites did not change much, while the number 365
of Co—Co neighbors decreased from 4 to ~1. The Co—P 366
distance of 2.26 A is very similar to that of 2.24 A obtained 367
before OER (within the error). The Co—Co(Fe) distances also 368
did not change. Attempts to include a Co—O path in the fit did 369
not lead to a better data fit, and it is believed that the oxidized 370
Co species represents only a small fraction on the alloy surface, 371
as also suggested by the XANES shift. 372

EXAFS fitting results of the Fe K-edge data of the fresh 373
catalyst suggest an average P coordination number of 6; the 374
number of Fe neighbors is 2. The Fe—P and Fe—Fe(Co) 375
distances were 2.25 and 2.63 A, respectively. The Debye— 376
Waller factors of both the Fe—P and Fe—Fe(Co) paths are 377
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Table 1. Fitting Results Obtained from EXAFS Fe and Co K-Edges of Fe—Co—P Catalyst before and after OER

absorber—scatterer coordination bond distance
Fe—Co—P alloy pair number o AE, (eV) data range R factor
before OER Co edge Co—P 5.0 2.24 + 0.02 0.008 + 0.002 —09 + LS k-space 3.0—11.0 A~ K': 0.003
Co—Co(Fe) 4.0 2.63 + 0.01 0.007 + 0.002 R-space 1.20—-2.70 A K% 0.004
K: 0.007
after OER Co edge Co-P 5.0 2.26 + 0.04 0.009 + 0.002  —3.1 + 4.7 k-space 3.0—11.0 A™ K': 0.012
Co—Co(Fe) 0.9 2.63 + 0.05 0.001 + 0.012 R-space 1.27-2.62 A K% 0.006
K3 0.006
before OER Fe edge Fe—P 6.0 2.25 + 0.06 0.014 + 0.008  —88 + 6.0 k-space 3.0—11.0 A™ K': 0.003
Fe—Fe(Co) 2.0 2.63 + 0.08 0.011 + 0.011 R-space 1.20—2.46 A K% 0.003
K3 0.009
after OER Fe edge Fe—O 2.0 1.96 + 0.06 0.006 + 0.011 25434  k-space 3.0-10.0 A™ K': 0.001
Fe—P 4.0 2.35 + 0.05 0.016 + 0.011 R-space 1.00—2.43 A K% 0.003
K3 0.012

378 relatively large (0.014 and 0.011), which could also be expected
379 in FeP due to the presence of various Fe—P and Fe—Fe
380 distances. After OER, the presence of Fe—O scattering was
381 observed, which is consistent with the XANES results on the
382 formation of FeOOH species. The average Fe—P distance of
383 2.35 A and Fe—O distance of 1.96 + 0.06 A were consistent
334 with the Fe—O distances of 1.99—2.12 A in FeOOH.
3ss Consistent with the XANES analysis, the bulk of the alloy
386 remains Fe—Co—P, and the oxidized species were only formed
387 on the surface. The XANES and EXAFS results also reconcile
388 the electrochemistry and XPS analyses, demonstrating that the
389 high-valent state FeOOH is formed on the surface as the major
390 oxidized species. The Co component retained its low-valent
301 nature during the OER reaction with only a small fraction
392 oxidized.

393 The metal oxyhydroxides were recognized as highly active
394 OER catalysts in many recent studies.’”**™® Here, the
395 electrochemistry analysis, quantum calculation, and X-ray
396 analysis suggest that the in situ-generated FeOOH on the
397 Fe—Co—P alloy substrates possess highly promising OER-type
398 electrocatalytic properties with the following aspects. (1) The
399 Fe—Co—P phosphides provide metallic conductivity that
400 lowers the required overpotential. Although the pristine metal
401 oxyhydroxide is active for OER, it is not conductive enough to
402 deliver the charge involved in the reactions, while the Fe—Co—
403 P alloy is very conductive. (2) The ternary Fe—Co—P alloy
404 formation could adjust the OH bond breakage and OO bond
405 formation via tuning the energetics of all intermediates (*OH,
406 *O, *OOH), in which the adsorptions on a single FeOOH
407 species are too strong, while those on single Co-based sites are
408 too weak. The uniform alloy formation guarantees that the Fe
409 and Co scatters are highly closed, which can provide abundant
410 adjacent active sites. (3) The existence of Fe in the Fe—Co—P
411 alloy can stabilize the Co valence, providing a synergistic effect
412 from the high activity of CoP and high stability of FeP. (4) The
413 carbon outer layer also enables stabilization functionality
414 toward the OER.
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CONCLUSION

416 In conclusion, we present a facile and scalable method for
417 preparing a hollow and conductive Fe—Co—P alloy with
418 outstanding OER catalytic properties. In this material, the
419 hollow structure provides abundant surface active sites and
420 short mass transfer pathways, while the metallic conductivity
421 facilitates charge transfer. Furthermore, the uniform structure
422 enables the investigation of structure/properties relationship.

41
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The overpotential of the Fe—Co—P catalyst required for 423
achieving a specific current density of 10 mA/cm? is only 252 424
mV, comparable with noble metal oxide (IrO, and RuO,) 425
catalysts, and superior to most previously reported OER 426
catalysts. The current density at 1.5 V (vs RHE) of the Fe— 47
Co—P catalyst was 30.70 mA/cm? which is more than 3 orders 428
of magnitude greater than that obtained for CoFe,O, (0.02 429
mA/cm?), 100 times more active than that of FeP, and 45 times 430
more active than that of CoP. The electrochemically induced 431
high-valent state of Fe stabilized the Co in the low-valent state, 432
enabling the simultaneous enhancement of activity and stability 433
of the OER catalyst. This general approach to designing 434
multifunctional alloy OER catalysts could be applied to a 435
variety of related research topics. 436

EXPERIMENTAL SECTION 437

Materials and Characterization. Iron chloride (FeCly, 98%, Alfa 438
Aesar), cobalt nitrate hexahydrate (Co(NO;),-6H,0, 95%, Sigma- 439
Aldrich), trimesic acid (95%, Sigma-Aldich), ethanol (200 proof, 440
Decon Laboratories, Inc.), N,N-dimethylformamide (DMF, ACS 441
grade, EMD), and sodium hypophosphite monohydrate (NaH,PO,- 442
H,0, Alfa Aesar) were used as received. 443

The SEM characterization was carried out using a JEOL JSM- 444
7401F, and TEM images were collected using a JEOL 1203 or FEI 445
Tecnai G2 F20. HRTEM images and corresponding EDX maps were 446
obtained via a FEI Tecnai G2 F20 equipped with a super ultrathin 447
window energy-dispersive X-ray spectrometer. XRD patterns were 448
obtained by using a Rigaku Ultima IV X-ray diffractometer with a Cu 449
Ka radiation (1 = 1.5604 A). The BET method was used to determine 450
the specific surface area in the relative vapor pressure range of 0.001 to 451
0.27. TGA measurements were carried out by using a QS00 (TA 452
Instruments) under Ar with a temperature ramp of S °C/min. The 453
electrochemical analyses were performed by using a CHI760D 454
electrochemical analyzer. Diffuse reflectance infrared Fourier transform 455
spectra (Thermo Scientific) were obtained by log(1/ISB), where the 4s6
ISB was the IR single beam intensity of the samples. 457

Fe—Co MOC synthesis. Fe—Co MOC was synthesized via a 458
hydrothermal reaction. Specifically, 0.0S g of FeCl;, 0.05 g of 459
Co(NO;),-6H,0, and 0.1 g of trimesic acid were dissolved in a 460
mixture of 10 mL of DI water, 10 mL of ethanol, and 10 mL of DMF 461
under vigorous stirring. The solution was then transferred into a 462
Teflon-lined autoclave and heated to 150 °C for 12 h. The final 463
products were centrifuged at 4000 rpm for 20 min and washed three 464
times with ethanol and water. The precipitate was collected and dried 465
at 80 °C. Fe/Co MOC was prepared by dissolving 0.1 g of FeCl; or 466
0.1 g of Co(NO;),-6H,0 with 0.1 g of trimesic acid in a mixture of 10 467
mL of DI water, 10 mL of ethanol, and 10 mL of DMF following the 468
same hydrothermal reaction condition as described for Fe—Co MOC. 469

Fe—Co—P Catalyst Synthesis. Fe—Co MOC powder was placed 470
into a tube furnace, then heated up to 500 °C with 2 °C/min, and held 471

DOI: 10.1021/acsnano.7b04646
ACS Nano XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acsnano.7b04646

472
473
474
475
476
477
478
479
480
48
482
483
484
485
486
487
488
489
490
49
492
493
494
495
496
497
498
499
500
S0
502
503
S04
505
506
507
N
509
S10
S1
S12
S13

—

—_

—

@

—

S14

51§

S16
517

S18
S19

520

52

—

522
523
524
525
526
527
528
529
530

531
532

ACS Nano

for 1 h in Ar to achieve the Fe/Co/C catalyst. For the phosphidation
process, 50 mg of Fe/Co/C catalyst was placed behind 1 g of
NaH,PO,-H,0 in the gas input direction with 100 sccm Ar flow, then
heated up to 350 or 400 °C with S °C/min, and kept for 1 h. After
phosphidation, the resulting catalyst was collected until the furnace
was cooled to room temperature.

Electrochemical Test. The catalyst was dispersed in an ethanol/
Nafion solution (v/v = 1/1) at a concentration of 4 mg/mL under 30
min ultrasonication. Then, the catalyst ink was deposited onto a
rotating disk electrode using an in-house built spin-coating device at a
rotational speed of approximately 400 rpm under a gentle hot air flow.
The diameter of the rotating disk electrode is S mm, and the mass
loading of the catalyst is 0.2 mg/cm? Electrochemical tests were
performed in 1 M N,-saturated KOH with a three-electrode system; a
rotating disk glassy carbon electrode coated with catalyst was used as a
working electrode. Pt wire and Ag/AgCl were employed as counter
and reference electrodes. For the positive LSV scan, the scan range was
set between 0.3 and 0.95 V with a scan rate of S mV/s and a rotating
speed of 1600 rpm.

X-ray Absorption Test. In situ X-ray absorption spectroscopy
measurements at the Fe K-edge (7112 eV) and Co K-edge (7709 eV)
on the Fe—Co—P catalysts before and after the OER reaction were
made at the 10-BM bending magnet beamline of the Materials
Research Collaborative Access Team (MRCAT) at the Advanced
Photon Source (APS), Argonne National Laboratory. Measurements
were taken in transmission mode. An iron or cobalt foil spectrum was
acquired through a third ion chamber simultaneously with each
measurement for energy calibration. The catalysts were ground into
fine powders and diluted with silica (Davisil 646 silical gel from Sigma-
Aldrich) before they were pressed into a cylindrical sample holder to
form a self-supported wafer. All spectra were obtained at room
temperature in air.

DOS Calculation. DFT calculations were conducted using
Quantum ESPRESSO software packages.”” The optimization and
properties were calculated using Perdew—Burke—Ernzerhof general-
ized gradient a%)roximation with projector-augmented wave sets from
Pslibrary 0.3.1.”" The plane wave kinetic energy cutoff values were 60
and 600 Ry for the wave functions and the charge densities,
respectively. The properties were calculated after the structures were
relaxed. The phosphide was modeled using a 2 X 2 X 2 super cell with
a k-point mesh of 1 X 2 X 1. Furthermore, the DOS was plotted with
the Fermi energy set as 0 eV.
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