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W) Cheok for updates Dynamics and control of active sites in hierarchically
e nanostructured cobalt phosphide/chalcogenide-
o 1s " pased electrocatalysts for water splittingt

Yonggui Zhao, (¢ Nanchen Dongfang,® Carlos A. Triana, 2 ¢ Chong Huang,’
Rolf Erni, ©2° Wenchao Wan, €22 Jingguo Li, ©2° Dragos Stoian, {2 ¢ Long Pan,
Ping Zhang,® Jinggang Lan, (2 ¢ Marcella lannuzzi®? and Greta R. Patzke () *@

The rational design of efficient electrocatalysts for industrial water splitting is essential to generate
sustainable hydrogen fuel. However, a comprehensive understanding of the complex catalytic mechanisms
under harsh reaction conditions remains a major challenge. We apply a self-templated strategy to
introduce hierarchically nanostructured “all-surface” Fe-doped cobalt phosphide nanoboxes (Co@CoFe—-P
NBs) as alternative electrocatalysts for industrial-scale applications. Operando Raman spectroscopy and
X-ray absorption spectroscopy (XAS) experiments were carried out to track the dynamics of their structural
reconstruction and the real catalytically active intermediates during water splitting. Our operando analyses
reveal that partial Fe substitution in cobalt phosphides promotes a structural reconstruction into P-Co-O-
Fe—P configurations with low-valence metal centers (M°/M*) during the hydrogen evolution reaction (HER).
Results from density functional theory (DFT) demonstrate that these in situ reconstructed configurations
significantly enhance the HER performance by lowering the energy barrier for water dissociation and by
facilitating the adsorption/desorption of HER intermediates (H*). The competitive activity in the oxygen
evolution reaction (OER) arises from the transformation of the reconstructed P-Co-O-Fe—P configurations
into oxygen-bridged, high-valence CoV-O-Fe" moieties as true active intermediates. In sharp contrast,
the formation of such Co"V-0O-Fe""V moieties in Co—FeOOH is hindered under the same conditions,
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Received 20th July 2021, which outlines the key advantages of phosphide-based electrocatalysts. Ex situ studies of the as-
Accepted 3rd December 2021 synthesized reference cobalt sulfides (Co-S), Fe doped cobalt selenides (Co@CoFe-Se), and Fe doped
DOI: 10.1039/d1ee02249k cobalt tellurides (Co@CoFe-Te) further corroborate the observed structural transformations. These insights

are vital to systematically exploit the intrinsic catalytic mechanisms of non-oxide, low-cost, and robust
L]
,i, rsc.li/ees overall water splitting electrocatalysts for future energy conversion and storage.

Broader context

Water splitting to generate clean hydrogen is a promising strategy for future energy conversion and storage systems. Transition metal chalcogenides (TMCs) and
phosphides (TMPs) have emerged as excellent candidates to promote the overall efficiency of water splitting. However, the underlying structural reconstructions of
TMPs/TMCs that give rise to their high electrocatalytic performance still remain to be understood. This calls for the determination of their real catalytically active
species through advanced operando characterization techniques which monitor their structural reconstruction dynamics and provide insights into the intrinsic catalytic
mechanisms. In this work, we constructed a series of tailored TMP/TMC nano-architectures for overall water splitting applications. We present in-depth mechanistic
insights into the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) processes of the as-prepared cobalt phosphide-based nanobox materials based
on operando XAS and Raman spectroscopy, complemented with rotating ring disk electrode investigations. Furthermore, combination of DFT simulations with our
operando studies sheds light on the crucial parameters for high HER and OER activities. This study highlights the importance of using operando techniques to capture
structural reconstruction dynamics as the key to understanding intrinsic catalytic mechanisms.

“ Department of Chemistry, University of Zurich, Winterthurerstrasse 190, CH-8057 Zurich, Switzerland. E-mail: greta.patzke@chem.uzh.ch

b Electron Microscopy Center, Empa, Swiss Federal Laboratories for Materials Science and Technology, Uberlandstrasse 129, CH-8600 Diibendorf, Switzerland

¢ Swiss-Norwegian Beamlines at the European Synchrotron Radiation Facility, 38000 Grenoble, France

 Key Laboratory of Advanced Metallic Materials of Jiangsu Province, School of Materials Science and Engineering, Southeast University, Nanjing 211189, China

¢School of Electrical and Information Engineering and Key Laboratory of Advanced Ceramics and Machining Technology of Ministry of Education, Tianjin University,
Tianjin 300072, China

t Electronic supplementary information (ESI) available. See DOI: 10.1039/d1ee02249k

This journal is © The Royal Society of Chemistry 2022 Energy Environ. Sci., 2022,15, 727-739 | 727


http://orcid.org/0000-0002-9248-1109
http://orcid.org/0000-0003-1270-0410
http://orcid.org/0000-0003-2391-5943
http://orcid.org/0000-0003-2358-016X
http://orcid.org/0000-0002-3058-5164
http://orcid.org/0000-0002-2436-6483
http://orcid.org/0000-0001-9825-7901
http://orcid.org/0000-0001-6353-2539
http://orcid.org/0000-0001-9717-2527
http://orcid.org/0000-0003-4616-7183
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ee02249k&domain=pdf&date_stamp=2022-01-04
http://rsc.li/ees
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ee02249k
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE015002

Open Access Article. Published on 06 January 2022. Downloaded on 12/5/2025 4:22:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Introduction

The development of efficient water electrolyzer systems is a
promising approach to store renewable energy resources (e.g
sunlight and wind) in chemical commodities. To date, there are
two general design concepts of water electrolyzers for industrial-
scale applications, namely alkaline exchange membrane (AEM)
electrolysis and proton exchange membrane (PEM) electrolysis."
AEM electrolyzers based on low-cost and earth-abundant ele-
ments meet practical applications rather directly, but their
intrinsic barriers for accessing high current densities remain
challenging. While PEM electrolyzers can achieve 3-4 times
higher current densities than AEM electrolyzers, the use of noble
metal electrocatalysts drives up their costs." Therefore, the
rational design of noble metal-free electrocatalysts with high
current densities and robust electrochemical stability is
crucial.*®

Recent studies have demonstrated that transition metal
chalcogenides (TMCs) and phosphides (TMPs) are promising
candidates for AEM electrolyzers due to their high catalytic
activities in both hydrogen evolution (HER, cathode) and oxygen
evolution reactions (OER, anode).”"* However, TMPs and TMCs
undergo structural reconstructions during electrolysis, which
may in some cases affect their operational stability. To fully tap
into the potential of noble metal-free TMCs and TMPs as overall
water splitting electrocatalysts, intense efforts are required to
understand their intrinsic catalytic mechanisms.*>™*°
investigations suggest that the structural reconstruction asso-
ciated with oxygen incorporation in TMCs and TMPs is respon-
sible for their high OER performance.”*>* This reconstruction
can proceed via two different routes. Either the as-prepared bulk
compounds are fully oxidized into transition metal oxides or
(oxy)hydroxides,'®**° or their surfaces can reconstruct into
core-shell structures with TMCs and TMPs remaining as core
materials.**?%

In sharp contrast, the real active species in TMC- and TMP-
based HER catalysts remain largely unknown, because their
higher stability during HER makes it far more difficult to
distinguish the active species from the bulk material, especially
using standard ex situ techniques.>*™° As the use of uniform
materials as bifunctional electrocatalysts for overall water split-
ting is a promising industrial strategy, the HER dynamics of
powerful dual TMC/TMP electrocatalysts needs to be under-
stood. We thus focus on the operando identification of the real
catalytically active species in both HER and OER driven by
cobalt phosphide-based nanobox materials. Given that the as-
synthesized TMC and TMP samples generally undergo oxidative
changes during sample handling and transportation processes,
time-resolved monitoring is essential.>*'~*® Advanced operando
techniques, such as XAS and Raman spectroscopy, have opened
up new possibilities to capture the real active intermediates of
electrochemical reactions,"*” which has brought forward notable
progress in understanding the intrinsic catalytic mechanisms for a
variety of electrocatalytic systems.*”~>>

High-surface nanomaterials are preferable targets for elucidating
electrocatalytic interface processes.”* >® Therefore, we constructed

Ex situ
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a series of hierarchical nanostructures of cobalt phosphide nano-
boxes (denoted as Co-P NBs) and Fe doped cobalt phosphide
nanoboxes (Co@CoFe-P NBs) from tailored coordination polymer
precursors via a self-templating strategy. This controllable strategy
furthermore brought forward single-shell cobalt sulfide nanoboxes
(Co-S NBs), hybrids of cobalt sulfides and CoFe-based Prussian
blue nanoboxes (Co-S@CoFe-PB NBs), double-shell CoFe-based
oxide nanoboxes (Co@CoFe-O NBs), as well as CoFe-based sele-
nides (Co@CoFe-Se), and CoFe-based tellurides (Co@CoFe-Te).

Among all these prepared nanostructured materials, the as-
synthesized Co@CoFe-P NBs exhibit the best HER and OER
performances over a wide pH range (0-14), along with robust
electrochemical stability over 220 h in overall water splitting.
Furthermore, operando XAS and Raman spectra in combination
with rotating ring-disk electrode (RRDE) techniques unraveled
the structural reconstruction dynamics and the intrinsic cata-
Iytic mechanisms of the as-prepared Co-P NBs and Co@CoFe-P
during both the HER and OER processes.

Our operando results show that the high HER activities of
Co-P (Co@CoFe-P) NBs arise from their in situ reconstruction
into P-Co-O (P-Co-O-Fe-P) configurations with low-valence
metal centers (M°/M"). Furthermore, the newly formed oxygen-
bridged Co"™-0-Co" and Co™-O-Fe" moieties are the active
OER sites of the as-prepared Co-P and Co@CoFe-P NBs,
respectively, and their formation was found to be far more
facile than in Co/Fe-oxyhydroxide catalysts. Related restructur-
ing trends were corroborated for Co-S, Co@CoFe-Se, and
Co@CoFe-Te catalysts before and after electrolysis. Further-
more, density functional theory (DFT) calculations provide a
detailed mechanistic background for these key in situ structural
reconstructions of nanoscale cobalt phosphide and chalcogen-
ide electrocatalysts.

Results and discussion
Materials synthesis and characterization

First, ZIF-67 nanocubes (NCs) were synthesized at room tem-
perature based on slightly modified protocols from previous
reports® °° (Fig. 1a, e and Fig. S1 and experimental details in
the ESIt) and were characterized using a wide range of techni-
ques (Fig. S2-S4, ESIT). The as-prepared ZIF-67 NCs were then
converted into the core-shell architecture of ZIF-67@CoFe-PB
NCs via a convenient anion-exchange approach between
Fe(CN)s*~ from K;Fe(CN)g and C,H;N,  starting from ZIF-67
(see experimental and analytical details in the ESI, Fig. S1,
S5-S9 and detailed discussion in Fig. S5). FESEM and TEM images
(Fig. 1b, f and Fig. S6, ESIf) illustrate that the as-prepared
ZIF-67@CoFe-PB NCs exhibit similar cubic morphologies com-
pared with that of pristine ZIF-67 NCs. Moreover, a narrow void
between the inner core and the outer shell is clearly visible for a
representative nanoparticle, indicating the formation of yolk-shell
architectures in ZIF-67@CoFe-PB NCs (Fig. 1f and Fig. S6d, ESIt).
To investigate the spatial distribution of different elements and to
confirm the formation of yolk-shell features, STEM-EDX line-scans
and element mappings (Fig. 1j and Fig. S8, ESI{) were carried out

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 FESEM and TEM images of: (a and e) ZIF-67 nanocubes, (b and f) ZIF-67@CoFe—PB nanocubes, (c and g) Co-S@CoFe—-PB nanoboxes, and (d and
h) Co@CoFe-P nanoboxes. (i) High-resolution transmission electron microscopy (HR-TEM) image and the corresponding SAED pattern. (j—1) High-angle
annular dark field-scanning transmission electron microscopy (HAADF-STEM) images and STEM-EDX line-scan profiles of ZIF-67@CoFe—PB nanocube,
Co-S@CoFe-PB nanobox, and Co@CoFe-P nanobox particles. (m-o0) HR-TEM image, corresponding inverse fast Fourier transformation (IFFT) image
and line scan profile of a Co@CoFe—-P nanobox particle. (p) STEM-EDX element mappings of Co@CoFe-P nanobox particles (red = Co, green = Fe,

blue = P, cyan = O).

for an individual yolk-shell particle. As shown in Fig. 1j, the
element distributions of Co and Fe are dispersed over the entire
cuboidal particle. However, the distribution of Co displays a
distinct convex trend with more intense signals from the core.
In contrast, a concave tendency with a higher signal intensity from
the shell is observed for the distribution of Fe. All these observa-
tions strongly support the successful formation of core-shell
nanostructures of ZIF-67@CoFe-PB NCs.

Hierarchically nanostructured Co-S@CoFe-PB NBs were
fabricated by using the as-obtained yolk-shell ZIF-67@CoFe-
PB NCs as templates via a hydrothermal reaction with TAA at

This journal is © The Royal Society of Chemistry 2022

120 °C (see experimental details in the ESIt). Furthermore, a
wide range of characterization methods was employed to
investigate the structural and morphological properties of the
as-synthesized Co-S@CoFe-PB NBs (Fig. 1c, g, k and Fig. S5,
S10-S13, ESIT). Based on our recent work and on previous
studies on ZIF-67,213%%1763 the formation of Co-S@CoFe-PB
NBs can be basically explained with an anion-exchange reaction
between S*~ from TAA and C,H;N,  from ZIF-67 during the
sulfidation reaction (discussion and details in Fig. S5 and S11,
ESIT). It should be pointed out that the chemical exchange
between S~ and CN~ in CoFe-PB can be neglected under the
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conditions applied in this study, mainly due to the insufficient
kinetics at lower temperature and with the limited reaction
time.**®* As shown in Fig. 1k, STEM-EDX line-scan analysis of
Co-S@CoFe-PB indicates a distinct elemental distribution of S
within the shell. As expected, the inner layer of the shell
displays intense S signals compared to the outer layer of the
shell, suggesting the formation of hierarchically nanostruc-
tured cubes of Co-S@CoFe-PB NBs. Specifically, the newly
formed Co-S species were mainly present in the inner layer
of the shells, while the unreacted CoFe-PB compounds
were preserved in the outer layer of the shell (Fig. 1k and
Fig. S12, ESIY).

Hierarchical Co@CoFe-P NBs were obtained using a simple
chemical vapor deposition method using NaH,PO, as the
phosphor source under Ar atmosphere (see experimental
details in the ESIf). After phosphorization of the yolk-shell
ZIF-67@CoFe-PB NC precursors with optimized experimental
parameters, the as-prepared Co@CoFe-P NBs exhibit a well-
defined hierarchical nanobox morphology (Fig. 1d and h). It
was observed that both the amounts of NaH,PO, and the
phosphorization temperature influenced the morphologies
of the final products (Fig. S17-527, discussion and details in
Fig. S21, and details in Discussion I, ESIf). Well-defined
hierarchical nanobox architectures were achieved through the
optimized experimental parameters with a mass ratio of 1:20
between ZIF-67@CoFe-PB NCs and NaH,PO, reacted at 350 °C
for 2 h (Fig. 1d, h and Fig. S18m-p, ESIT). The SAED pattern of
optimized Co@CoFe-P NBs (Fig. 1i) shows three characteristic
diffraction rings, corresponding to the main exposed crystal
planes (111), (211), and (301) of CoP (PDF No. 29-0497, S. G.
Pnma), which agrees with the PXRD patterns (Fig. S24, ESIT).
HR-TEM and the corresponding inverse fast Fourier transform
(IFFT) images (Fig. 1m-o and Fig. S19, ESI{) of Co@CoFe-P
NBs manifest a clear inter-planar spacing of 2.48 A, which is
assigned to the exposed (111) crystal plane of CoP (PDF No. 29-
0497, S. G. Pnma). STEM-EDX line-scan analysis and element
mappings (Fig. 11 and p) of Co@CoFe-P NBs illustrate that Co,
P, and O are distributed in the inner and outer shells of the box-
shaped particle, while Fe is mainly detected in the shell. The
presence of O signals (Fig. 11 and p) is in principle due to the
inevitable oxidation of P upon exposure to air.>*®>77° These
results in their entirety support that the as-synthesized yolk-
shell ZIF-67@CoFe-PB NC precursors are converted after phos-
phorization into hierarchical architectures of Co@CoFe-P NBs.

To further explore the impact of different cations or anions
on the structural and morphological properties of the coordi-
nation polymer precursors, Co-S NBs, Co-PB NCs, Co-P NBs,
Fe-PB NCs, Fe-P NBs, CoFe-PB NCs, CoFe-P NBs, Co@CoFe-O
NBs, Co@CoFe-Se, and Co@CoFe-Te were prepared as well
(see experimental details in the ESIt). According to our results,
a distinct single-shell nanobox morphology was obtained for
Co-S NBs (Fig. S14-S16, ESIt). Co-P, Fe-P, and CoFe-P NBs
retain the initial cubic morphology but feature thicker shells
(Fig. S28-S39, ESIt). As shown in Fig. S40-S42 (ESIt), the
as-prepared Co@CoFe-O NBs show a well-defined double-
shell nanobox architecture. In contrast, the cubic morphology
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cannot be preserved in the presence of Se and Te, shown in
Fig. $43-846 (ESI}).

Ex situ XAS characterization

The local coordination environments and electronic properties
of the Co and Fe centers for the investigated catalysts were
explored using ex situ X-ray absorption spectroscopy (XAS)
(Fig. 2 and Fig. S47-S51, ESIt). To understand the effects of
sulfidation on the electronic structure of ZIF-67@CoFe-PB NCs,
ex situ XAS data were recorded for the samples before and after
sulfidation (discussion and details in Fig. S47, ESIt). From the
XAS investigations, we further corroborate that the anion-
exchange reaction in Co-S@CoFe-PB NBs mainly occurred
between S>~ from TAA and C,HsN,~ from ZIF-67.

Fig. 2a presents ex situ Co K-edge X-ray absorption near-edge
structure (XANES) spectra of Co-P NBs, Co@CoFe-P NBs,
Co@CoFe-O NBs, and the references Co foil, Co(OH),, Co-FeOOH,
Co30,, and CoOOH. The rising absorption edge position of Co-P
NBs is lower than that of Co(OH), but higher than that of Co foil,
suggesting that the average valence state of Co centers in Co-P NBs
is slightly lower than +2.>?*°%% Tq further explore the local
electronic structure of the as-prepared catalysts, the XANES spec-
trum of Co-P NBs was calculated using ab initio finite difference
methods using the model structure defined in the PDF card No.
29-0497 (S. G. Pnma) as shown in Fig. S48 (ESIt). Based on the
XANES simulation results (Table S5, discussion and details in
Fig. S48 and S49, ESIt), we conclude that the local coordination
environments of Co ions in Co-P NBs originate from the
asymmetric configuration of Co-P4_,O, moieties. The XAS data
of Co@CoFe-P NBs (Fig. 2a and b) are similar to those of Co-P
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Fig. 2 (a) Co K-edge XANES spectra of as-synthesized samples vs. refer-
ences. (b) Co K-edge EXAFS spectra of the as-synthesized samples vs.
references. (c) Fitting of the Co K-edge FT-EXAFS spectra of the as-
synthesized samples vs. references. (d) Co K-edge WT contour profiles
of the as-synthesized samples vs. references.
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NBs except for a slight increase in the peak intensity at ~7725
eV (XANES, Fig. 2a), suggesting an increased coordination
number (CN) of Co-O bonds (denoted as CNg,o) in
Co@CoFe-P NBs. Based on previous reports,>”'7% partial
substitution of Co by Fe can weaken the orbital affinity for
the 3d electrons and regulate the occupation of metal valence
states, thus, lowering the energy barrier for the formation of M-
O (M = Co, Fe) bonds. CN¢,o and CNc¢,p in Co-P NBs were
calculated to be 0.30 and 5.79, respectively, from fitting of the
FT-EXAFS spectra (Fig. 2c and Table S5, ESIT). As expected, the
as-prepared Co@CoFe-P NBs exhibit an increased CNc, o of
0.61 and a decreased CN¢,_p value of 5.29. These results are
also evident in the wavelet transform (WT) of the EXAFS spectra
(Fig. 2d), where the as-prepared Co@CoFe-P NBs show weaker
signals in the intensity maximum at around 5.91 A™* (first Co-P
coordination shell) compared with Co-P NBs. The Fe K-edge
XAS data also display analogous features, evidencing the
presence of asymmetric Co/Fe-Ps_,O, moieties in the as-
prepared Co@CoFe-P NBs (discussion and details in Fig. S50,
ESIt). For comparison, the local atomic configurations of
Co@CoFe-O NBs were also explored and they implied that
the as-prepared oxide sample maintained a spinel-type crystal
structure (discussion and details in Fig. S51, ESIT).

To unravel the surface chemical compositions of the
as-synthesized samples, X-ray photoelectron spectroscopy
(XPS) analyses were further carried out, and these results are
also in agreement with the above XAS results (discussion and
details in Fig. S52 and S53, ESI¥).
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Electrocatalytic performance

Their favorable intrinsic gas/ion-diffusion capability, their ade-
quate interface for electrolyte penetration, and their tuneable
electronic structure render the as-synthesized hierarchically hollow
Co@CoFe-PB nanobox architectures®**>>”?%%! promising candi-
dates for efficient water splitting. To optimize the electrocatalytic
performance of Co@CoFe-P NBs, the effects of synthetic para-
meter variations (e.g. NaH,PO, amounts and reaction tempera-
tures) on the catalytic performance were investigated first. The
extrinsic influence of Ohmic contact resistance was eliminated
with a 90% iR drop correction for all the investigated working
electrodes (Fig. S54, ESIT).>>”*7> Measurement results (Fig. S55-
S58, ESIT) show that the catalysts prepared at 350 °C with
400 mg of NaH,PO, display the best electrocatalytic activities.
HER activity at pH 0. We first performed HER tests for the
as-prepared catalysts obtained under optimized synthetic para-
meters in 0.5 M H,SO, (Fig. 3a, b and Fig. S59, ESIt). To assess
the productive influence of the as-constructed hierarchical
nanostructures and the phosphide introduction on the HER
performance, Co-P NB, Fe-P NB, CoFe-P NB, and Co@CoFe-O
NB reference electrodes were fabricated and tested under the
same conditions. As shown in Fig. 3a, an increase in the HER
activity from Co@CoFe-O, Co-P, Fe-P, and further to
Co@CoFe-P NBs was observed in 0.5 M H,SO,. More specifi-
cally, to deliver a geometric current density of 10 mA cm 2, a
minimum overpotential value of 83 mV was required
for Co@CoFe-P NBs, which clearly outperformed those of
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Fig. 3 (a and c) Linear sweep voltammetry (LSV) curves with a scan rate of
Co-P NBs, Fe—P NBs, CoFe—-P NBs, Co@CoFe—-P NBs, and Co@CoFe-O N

5 mV s~ at room temperature and (b and d) Tafel plots of the as-prepared
Bs vs. commercial reference catalysts in 0.5 M H,SO4 (pH 0.2) for HER and

1.0 M KOH (pH 13.8) for OER, respectively. (e) Cyclic voltammetry (CV) curves of a two-electrode system assembled with Co@CoFe—P NBs||Co@CoFe-P
NBs and RuO,||20 wt% Pt/C electrocatalysts in 1.0 M KOH. (f) Stability measurements of Co@CoFe—P NBs||Co@CoFe-P NBs loaded on carbon paper.

(g) Summary of recent representative studies of overall water splitting ele
10 mA cm~2 (Table S13, ESI%).
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CoFe-P (116 mV), Fe-P (140 mV), Co-P (217 mV), and
Co@CoFe-O NBs (406 mV at 1 mA cm™ ). An additional over-
potential of 46 mV was essential for Co@CoFe-P NBs to
compete with the HER activity of commercial 20 wt% Pt/C at
a current density of 10 mA cm™>. However, when the current
density is close to 100 mA cm >, the as-synthesized Co@CoFe-P
NBs are a clear competitor for replacing commercial 20 wt%
Pt/C in industrial-scale hydrogen production under acidic con-
ditions (Fig. 3a). For obtaining detailed insight into the HER
kinetics of the as-prepared catalysts in 0.5 M H,SO,, Tafel slope
values are depicted in Fig. 3b. Co@CoFe-P NBs exhibit a more
favorable Tafel slope value of 66.27 mV dec™ ", superior to those
of CoFe-P (70.43 mV dec™ '), Fe-P (77.94 mV dec '), Co-P
(114.64 mV dec "), and Co@CoFe-O (181.99 mV dec '), thus
evidencing the faster HER kinetics for the formation of
HER intermediates in Co@CoFe-P NBs. Moreover, the elabo-
rate design of almost “all-surface” morphological metrics in
Co@CoFe-P NBs can shorten the diffusion length of ions and
thereby lead to faster charge transfer properties.>'>%%7¢ The
results of electrochemical impedance spectroscopy (EIS) and
chronopotentiometry measurements further demonstrate the
enhanced electron transfer properties and good stabilities of
the as-prepared Co@CoFe-P NBs (discussion and details in
Fig. $59, ESIY).

HER activity in the pH range from 7-14. Furthermore, we
measured the HER performances of Co@CoFe-NBs at different
pH values (1.0 M KOH and 1.0 M PBS) (Fig. S60 and S64a, c, e,
ESIT). As expected, the as-prepared Co@CoFe-NBs also show
excellent HER performance with an overpotential of 104 mV
(150 mV) at a current density of 10 mA cm ™2, a Tafel slope value
of 79.0 mV dec' (90.0 mV dec '), and a charge transfer
resistance of 19.84 Q (70.73 Q), along with electrochemical
stability for 1000 CVs and over 12 h at current densities of 10
and 20 mA cm 2 in 1.0 M KOH (1.0 M PBS) (Fig. S60, ESIY).
Interestingly, the as-prepared Co@CoFe-P NB electrode com-
petes favourably with commercial 20 wt% Pt/C at much lower
current densities of 15 mA cm™ > and 50 mA cm™ > in 1.0 M PBS
and 1.0 M KOH, respectively (Fig. S60a and e, ESIt). Moreover,
the HER activities obtained in Co@CoFe-P NBs also outmatch
most recent state-of-the-art HER electrocatalysts (Table S11,
ESIt). FESEM and TEM investigations (Fig. S66 and S67, ESIY)
clearly demonstrate that the as-prepared Co@CoFe-P NBs
largely preserve their initial morphology after long-time
measurements. All of the above results corroborate the benefits
of engineering hierarchically nanostructured Co@CoFe-P NBs as
high-performance HER electrocatalysts.

OER activity. Another prerequisite for overall water splitting
electrocatalysts is excellent OER activity.>>°®® Therefore, the
as-prepared Co@CoFe-P NBs were further employed as anode
materials and compared to benchmark catalysts (Fig. 3c, d and
Fig. S64b, d, f, ESIf). The overall OER activities of the as-
investigated catalysts follow the order Co@CoFe-P > CoFe-P
> Co-P > Co@CoFe-O > Fe-P (Fig. 3¢c). To reach a geometric
current density of 10 mA cm™?, the as-prepared Co@CoFe-P
NBs only require a much lower overpotential of 266 mV, out-
performing those of CoFe-P (296 mV), Co-P (327 mV), RuO,
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(340 mV), Co@CoFe-O (342 mV), IrO, (442 mV), and Fe-P
(470 mV). The Tafel slopes of the as-prepared catalysts were
also investigated and they underscored the accelerated OER
kinetics from Fe-P over Co-P to Co@CoFe-P. As shown in
Fig. 3d, Co@CoFe-P NBs exhibit the smallest Tafel slope value
of 26.94 mV dec™ ', compared with CoFe-P (34.45 mV dec ),
Co-P (45.23 mV dec '), Co@CoFe-O (54.23 mV dec ),
Fe-P (63.32 mV dec '), RuO, (70.11 mV dec '), and IrO,
(83.11 mV dec ). This indicates that Co@CoFe-P NBs display
accelerated OER kinetics for the formation of OER intermediates
(O*/OOH*) compared with the other investigated catalysts.*>>>°
Furthermore, EIS tests were conducted for the investigated cata-
lysts (Fig. S61a, ESIT), which demonstrated the favorable charge
transfer mobility of the as-prepared Co@CoFe-P NBs during the
OER. Moreover, the hierarchically nanostructured morphology
offers a larger contact interface between the electrolyte and
catalyst, thereby enabling a high density of exposed active sites
to improve the OER activity.>>*°° To better assess the intrinsic
OER activities of the as-synthesized catalysts, the electrochemi-
cal surface area (ECSA) was calculated to normalize the geo-
metric current density (Fig. S62 and S63, ESIt). As expected,
Co@CoFe-P NBs exhibit the highest double-layer capacitances
(Ca) along with improved intrinsic OER activity compared with
Co-P NBs. This further indicates that Fe substitution can
significantly promote the sluggish OER kinetics of Co-P NBs.
The electrochemical stability of the as-prepared Co@CoFe-P
electrode was checked using both CV cycling and chrono-
amperometry methods (Fig. S61b, ESIt). The results confirm
that the elaborate nanostructured Co@CoFe-P NBs retain
their initial OER activity after 1000 CVs and 12 h of chron-
opotentiometry measurements. Moreover, FESEM and TEM
characterization studies further demonstrate the integrity of
the initial cubic morphology in Co@CoFe-P NBs after the OER
test (Fig. S68 and S69, ESIT). The excellent OER performance
and stable morphological properties of Co@CoFe-P NBs
render them competitive with most recent studies on non-
noble metal OER electrocatalysts (Table S12, ESIt). For com-
parison, the HER activities over the whole pH range (0-14) and
OER performances in 1.0 M KOH of the as-prepared Co-S NBs,
Co-S@CoFe-PB NBs, Co@CoFe-Se, and Co@CoFe-Te were
also measured (Fig. S70-S74, ESIt). Our results reveal that
Co@CoFe-P NBs exhibit the best HER and OER activities of
the listed chalcogenide electrocatalysts under comparable test
conditions.

Overall water splitting. Inspired by the superior catalytic
performance of Co@CoFe-P NBs under various pH conditions,
we furthermore assembled a two-electrode system by employing
Co@CoFe-P NBs as bifunctional electrodes for overall water
splitting under alkaline conditions (Fig. 3e-g and Fig. S65,
ESIt). Commercial RuO,||20 wt% Pt/C electrodes were tested
for comparison. As shown in Fig. 3e, the assembled Co@CoFe-P
NB electrodes can deliver geometric current densities of
10 mA cm > and 100 mA cm™? at very low cell voltages of
1.49 V and 1.54 V, respectively. These obtained cell voltages are
substantially lower than for commercial RuO,||20 wt% Pt/C
and for most recently reported bifunctional electrocatalysts

This journal is © The Royal Society of Chemistry 2022
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(Fig. 3g and Table S13, ESIf). Furthermore, the long-term
durability test verifies the superior electrochemical stability of
Co@CoFe-P NBs, which maintains its initial catalytic activity for
over 220 h (Fig. 3f) with only slight potential variations observed
at a high current density of 100 mA cm™>. Such excellent overall
catalytic activity and high electrochemical stability render
Co@CoFe-P NBs as an alternative candidate for low-cost and
efficient water splitting in industrial applications. Moreover, the
as-prepared Co-S@CoFe-PB NCs were tested for sodium-ion
battery measurements, and they are also alternative materials
for battery applications (discussion and details in Fig. S75, ESIT).

Dynamics of active species derived from operando XAS

To probe the identity of the real catalytically active species and
to understand the intrinsic structure-activity relationship dur-
ing the water splitting half reactions, ex situ XPS and CV tests
were first conducted on the investigated samples (Fig. S76 and
S77 and details in Discussion II, ESIT). Our results indicate that
the as-prepared phosphide materials undergo structural recon-
struction during both HER and OER processes, which calls for
the determination of the real active species involved in both
reactions. To monitor the dynamic evolution of active species,
we performed operando XAS measurements on the as-prepared
Co/Fe phosphide samples during HER and OER under alkaline
conditions (see Experimental details in the ESI, and Fig. S78).

HER monitoring and dynamic role of Fe centers. We first
performed operando XAS tests to monitor the dynamics of active
species on Co-P NBs during HER (Fig. S79 and S80, ESIT). Our
results (see details in Discussion III, ESIt) reveal that the
as-prepared Co-P NBs undergo structural reconstructions into
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P-Co-O moieties with low oxidation states of the Co centers
(Co%/Co").">7”7 These moieties act as true catalytically active
species in HER. To explore the role of Fe substitution in
the catalytic mechanisms of Co@CoFe-P NBs during HER,
operando Co and Fe K-edge XAS data of Co@CoFe-P NBs were
recorded (Fig. 4a-d and Fig. S81 and S82, ESIT). For Co@CoFe-
P NBs immersed into the electrolyte (Fig. 4a and b), the
increasing absorption edges of the Co K-edge XANES spectra
shift to higher energy by ~0.27 eV, corresponding to an
increase of the valence state of Co (by ~0.08), which is different
from the negative energy shifts observed for Co-P NBs
(Fig. S80a and b, ESI{). During cathodic polarization from
50 mV to —70 mV vs. RHE, Co@CoFe-P NBs show similar
negative energy shifts in the increasing absorption edge as
Co-P NBs with reduced peak intensities at 7727 eV, and a trend
toward decreasing oxidation states of Co (Fig. 4a, b and
Fig. S80a, b, ESIt). This suggests that Co@CoFe-P NBs operate
via a very similar HER mechanism at their Co sites compared to
Co-P NBs. The local coordination environments of Co centers
in the as-prepared Co@CoFe-P NBs were further monitored
with FT-EXAFS spectra. As shown in Fig. 4c, d and Fig. S81c (ESIY),
the FT-EXAFS spectra of Co@CoFe-P NBs, immersed into the
electrolyte, reveal the appearance of a distinctive second shell
scattering at a radial distance of 2.85 A, associated with the
backscattering from Co-Co/Fe pairs, which indicates the for-
mation of P-Co-O-Co/Fe-P configurations. These findings
agree with the positive energy shifts observed in the increasing
absorption edge of the XANES spectra (Fig. 4a). During cathodic
polarization (Fig. 4c, d and Fig. S81c, ESI}), the intensity of
the second scattering shell decreases as the applied potential
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Fig. 4 (aand e) Operando Co K-edge XANES spectra of Co@CoFe—P recorded at different potentials in 1.0 M KOH for HER and OER. (b and f) Calculated

Co valence states of Co@CoFe-P recorded at different potentials in 1.0 M KOH for HER and OER. (c and g) Fitting of operando Co K-edge FT-EXAFS
spectra (merged) of Co@CoFe—P recorded at different potentials in 1.0 M KOH for HER and OER. (d and h) 2D contour plots of operando Co K-edge
FT-EXAFS spectra of Co@CoFe—P recorded at different potentials in 1.0 M KOH for HER and OER. (Note: when the potential is higher than the onset
potential for OER (HER), the formation of gas bubbles drastically influences the quality of EXAFS data recorded in the transmission mode. Therefore, we
only present the XANES data without showing the EXAFS data when there was a more intense gas evolution.)

This journal is © The Royal Society of Chemistry 2022 Energy Environ. Sci., 2022, 15, 727-739 | 733


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ee02249k

Open Access Article. Published on 06 January 2022. Downloaded on 12/5/2025 4:22:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

increases, but thereafter, it increases after the removal of the
applied cathodic potential. This suggests that the P-Co-O-Co/
Fe-P configurations are structurally flexible during the HER.
From the fitting of operando FT-EXAFS spectra (Fig. 4c and
Table S8, ESIt), we observe that both CNg, o and CNgo_cosre
constantly decrease, correspondingly the mean bond distances
of Co-O and Co-Co/Fe slightly increase. However, both the
CNgo-p and the mean bond distance of Co-P remain almost
identical during cathodic polarization. Based on these results,
we suggest that the in situ reconstructed P-Co-O-Co/Fe-P
configurations play a pivotal role in the HER activity of
Co@CoFe-P NBs. Unfortunately, it is challenging to distinguish
the scattering difference between second shells of Co-Fe and
Co-Co paths based on Co K-edge XAS data. The quite low Fe to
Co ratio in Co@CoFe-P NBs (Table S3, ESI{) makes it reason-
able to propose that most Fe atoms interact with Co atoms via
bridging O atoms. The plausible formation of P-Co-O-Fe-P
configurations in Co@CoFe-P NBs can be evaluated from Fe
K-edge XAS data.*®”®”? Results from operando Fe K-edge
FT-EXAFS spectra (Fig. S82 and see details in Discussion IV,
ESIY) indicate the appearance of a prominent second scattering
shell at 2.82 A, supporting the occurrence of P-Co-O-Fe-P
configurations in Co@CoFe-P NBs during the HER process.
We also observed that the in situ reconstructed P-Co-O-Fe-P
configurations undergo structural changes after removing the
applied potential, which agrees with the observations from the
Co K-edge XANES spectra. Moreover, the changes in the Fe
oxidation states are more apparent compared with those of Co
(Fig. 4b and Fig. S82b, ESIY), indicating the important role of Fe
in Co@CoFe-P NBs during HER.

Intrinsic HER mechanism. From our operando XAS data, we
conclude that the real catalytically active species in Co@CoFe-P
NBs for HER arise from the in situ reconstructed P-Co-O-Fe-P
moieties with low valence states of the metal centers (M°/M").
Compared with the Co sites, the Fe sites in the P-Co-O-Fe-P
moieties are more active toward OH /H,O adsorption due to
their greater changes in oxidation states during the HER
process (Fig. 4b and Fig. S82b, ESIT).”*® Additionally, the
operando XAS results for Co-P NBs (Fig. S79, S80 and details
in Discussion III, ESIt) reveal that the formation of P-Co"-0O-
Co"-P configurations during the HER is barely detectable
when compared with Co@CoFe-P NBs. This explains why the
reconstructed P-Co-O-Fe-P moieties enable an enhanced HER
activity of Co@CoFe-P NBs compared with Co-P NBs (featuring
P-Co-O moieties) (Fig. S60a—c, ESIf).

OER monitoring and dynamic role of Fe centers. We also
performed operando XAS analyses to investigate the structural
reconstruction and the catalytic OER mechanism of the
as-prepared phosphide-based catalysts (Fig. 4e-h and Fig. S83-
S86, ESIt). Our operando results indicated that the real OER
active species of Co-P NBs originate from the in situ recon-
structed Co™ O, species (Fig. $83, S84 and see details in Discus-
sion V, ESIt). The role of Fe centers in the catalytic OER
mechanism was further investigated by operando XAS on
Co@CoFe-P NBs. As shown in Fig. 4e and f, when compared
to the HER tests, similar changes in the XANES spectra were
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observed upon immersion of the electrodes into the electrolyte
(Fig. 4a, b, e, f and Fig. S82a, b and S86a, b, ESI{): (i) increased
oxidation states of Co and Fe, and (ii) enhanced peak intensities
at ~7130 eV and ~7727 eV, respectively, which indicates the
formation of Co"™-O-Fe" moieties. During anodic polarization,
the energy positions of the rising absorption edges of both Co
and Fe K-edge XANES spectra are shifted to higher energy
(Fig. 4e and Fig. S86a, ESI), implying the oxidation of both
metal centers. The maximum values of oxidation states for Co
and Fe are +3.28 and +3.18, respectively, appearing at an applied
anodic potential of 1.450 V vs. RHE (Fig. 4f and Fig. S86b, ESIT).
After removing the applied potential, the oxidation states of Co
and Fe further decreased to +3.17 and +3.11, respectively,
suggesting their partial redox reversibility after the OER
(Fig. 4f and Fig. S86b, ESIt). It is noteworthy that the oxidation
state of Co can reach +3 at a lower anodic potential of 1.325 V vs.
RHE in Co@CoFe-P NBs (Fig. 4f) than for Co-P NBs (1.4 V vs.
RHE in Fig. S84b, ESIt). This demonstrates that partial Fe
substitution can facilitate the oxidation of Co ions.****7®

Dynamic interaction of Co and Fe centers in the OER. The
local electronic structure and the dynamics of active catalytic
species in Co@CoFe-P NBs during OER were further evaluated
from operando EXAFS spectra (Fig. 4g, h and Fig. S85b, ¢, S86c,
d, ESIt). In agreement with our results for Co-P NBs (Fig. S83
and S84, ESIt), similar changes in the coordination environ-
ments of Co and Fe centers are also observed in Co@CoFe-P
NBs (Fig. 4g, h and Fig. S85b, c, S86¢, d, Discussion VI, ESIT).
For samples immersed into the electrolyte, a second shell
scattering peak appears in the Co and Fe K-edge FT-EXAFS
spectra, arising from the backscattering of Co"-Fe"' pairs (Fig. 4g,
h and Fig. S86c, d, ESI}). At an anodic potential of 1.0 V vs. RHE,
the Co K-edge FT-EXAFS spectra display a lower scattering peak
intensity of the Co"-Fe" pairs, and a new peak arising from Co™"-
Co™ scattering is detected at 2.52 A (Fig. 4g, h and Fig. S85c,
ESIY).5%% For the potential range from 1.2 V to 1.3 V vs. RHE, the
second shell scattering peak becomes broader, which is due to
the formation of Co™-0O-Fe™ moieties. The scattering from Co-P
bonds disappears above 1.325 V vs. RHE, and only the scattering
from Co™-O bonds remains in the first shell. Likewise, the
formation of (Co™, Fe™)O, species with higher valence
states®*®” could be corroborated by the slightly weakened inten-
sity discovered in the first and second shell scatterings between
1.4 V and 1.45 V vs. RHE. The changes in oxidation states of Co
and Fe (Fig. 4f and Fig. S86b, ESIT) further support our observa-
tions about the formation of (Co™, Fe™)O, species, where the
high valence state of Co'/Fe" appears above 1.35 V vs. RHE. The
fitting of operando Co K-edge FT-EXAFS spectra (Fig. 4g and
Table S10, ESIt) reveals that the structural reconstruction from
Co@CoFe-P NBs to (Co, Fe)OOH is accomplished at 1.325 V vs.
RHE. Compared with the largely delayed formation of COOOH in
the case of Co-P NBs (1.425 V vs. RHE), the operando XAS results
for Co@CoFe-P NBs during the OER confirm that the structural
reconstruction is facilitated by Fe substitution.>”® The Fe K-edge
FT-EXAFS measurements show similar changes in the local
coordination environment compared with the Co K-edge
(Fig. S86 and Discussion VI, ESIt).
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Intrinsic OER mechanism. According to the operando XAS
results, we propose that the as-prepared Co@CoFe-P NBs
undergo the following dynamically structural reconstructions
and evolution of the catalytically active species: (i) appearance
of initial Co@CoFe-Ps ,O, species below 0.8 V vs. RHE;
(ii) formation of (Co@CoFe-P4_,O,)@(Co, Fe)(OH),@CoOOH
from 1.0 to 1.1 V vs. RHE; (iii) generation of intermediates of
(Co@CoFe-Ps_,0,)@(Co, Fe)(OH),(transient)@(Co, Fe)OOH
from 1.2 V to 1.3 V vs. RHE; (iv) structural reconstruction of
(Co, Fe)OOH accomplished at 1.325 V vs. RHE; (v) release of O,
from high valence states of (Co", Fe'V)O, species with Co™-O-
Fe'V configurations above 1.4 V vs. RHE; and (vi) structural
recovery of (Co, Fe)JOOH after the removal of the anodic
potential.

Role of P species in the OER. To understand the role of P
species on the structural reconstruction and on the catalytic
OER mechanism, we performed operando XAS tests of reference
Co-FeOOH under OER conditions (Fig. S87-S90, ESIf). Our
operando XAS investigations (Discussion VII, ESIt) reveal that
the formation of Co™"V-0-Fe"™" configuration in Co-FeOOH
is much more difficult when compared with Co@CoFe-P. With
these results at hand, we propose that the main driving forces
behind the formation of high-valence active species are highly
disordered intermediates during the structural reconstruction
of Co@CoFe-P (Fig. 4e-h). This hypothesis can furthermore
explain why Co@CoFe-P displays much better OER activity
compared with Co-FeOOH (Fig. S91, ESI¥).

Reference chalcogenides as HER and OER catalysts. It is
well-accepted that TMCs also undergo similar underlying struc-
tural reconstructions under alkaline conditions compared with
those of metal phosphides.****** This is due to their intrinsic
thermodynamic instability as evident from Pourbaix diagrams,
e.g. SO,>7/S>” (0.15 V vs. RHE), SeO;> /Se (0.48 V vs. RHE), and
TeO;” /Te (0.44 V vs. RHE).*' Therefore, additional ex situ XAS
studies of the as-prepared Co-S, Co@CoFe-Se, and Co@CoFe-
Te were performed. Our results provide similar observations for
the dynamics of the structural reconstructions and the real
catalytically active species of the as-investigated TMCs com-
pared with those reported here for TMPs during water splitting
(Fig. S92-S95 and Discussion VIII, ESIT).

RRDE and operando Raman investigations

To further explore the dynamic evolution of the structural
reconstruction and the real catalytically active species of the
as-prepared phosphide-based catalysts during the OER process,
rotating ring-disk electrode (RRDE) experiments were per-
formed in Ar saturated 1.0 M KOH (discussion and details in
Fig. S96 and S97, ESIY). As illustrated in Fig. S96 and S97 (ESIY),
Co-P NBs show similar electrochemical behaviour as
Co@CoFe-P NBs. Until Co™0, and (Co", Fe'V)0, are generated
as active species, both Co-P NBs and Co@CoFe-P NBs do not
show any obvious OER currents (Fig. S96 and S97, ESIT). Almost
100% faradaic efficiency is detected in both samples when the
anodic potential reaches 1.525 V and 1.475 V vs. RHE, respectively.
The RRDE results further verify that the structural reconstruction
from phosphides to (oxy)hydroxides is a prerequisite for OER.
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Moreover, the in situ generated high valence states of Co™0, and
(Co™, Fe™O, species are responsible for the OER currents.
Furthermore, operando Raman studies were carried out to inves-
tigate the surface catalytically active species during the HER and
OER processes (Fig. S98 and S99, ESIt). As expected, similar
vibrations assigned to metal-oxygen bonds are observed during
both HER and OER processes. Regarding the HER with Co-P NBs
(Fig. S98a, ESIT), two obvious peaks located at around 465 cm ™"
and 670 cm ™' can be ascribed to the E, and A;; modes of Co-O
bonds, respectively.***>®® During the OER process with Co-P NBs
(Fig. S98b, ESIt), two new peaks appear at 501 cm ™' and 570 cm ™,
which arise from the E, vibration of Co-O-Co moieties and the A,
mode of COOOH, respectively.******%8 The operando Raman spec-
tra of Co@CoFe-P NBs (Fig. S99, ESIf) also display similar
vibration peaks during both HER and OER processes compared
with that of Co-P NB, except that an additional peak observed at
725 ecm ' is assigned to Fe-O bonds.”**> The RRDE and
operando Raman observations in their entirety confirm that the
in situ reconstructed metal-oxygen configurations play key roles
during the water splitting process.

DFT simulations

To gain further insight into the atomistic catalytic mechanisms,
density functional theory (DFT) simulations were carried out
for HER using a structure model of the as-prepared phosphide
catalysts (see Experimental details in the ESIt). Based on our
ex situ XPS, RRDE, operando XAS, and operando Raman studies,
the in situ reconstructed P-Co-O-Fe-P moieties account for the
excellent HER activity in Co@CoFe-P NBs. Herein, to simplify
the calculation model, we partially removed one phosphorus
atom and replaced it with one oxygen atom to simulate the
impact of the in situ reconstructed configuration in the HER
activity of the as-prepared Co@CoFe-P (denoted as O-Co@
CoFe-P). Analyses of the projected density of states (pDOS) and
of the metal 3d band centers of the as-proposed models reveal
that partial incorporation of oxygen atom in Co@CoFe-P can
regulate the energy barriers towards more favorable adsorption
of HER intermediates (Fig. S100 and S101 Discussion IX, ESIT).

To explain the catalytic activities in more detail, the adsorp-
tion free energies of the H* intermediates (AGy-) for the
proposed models were calculated. In general, an ideal HER
catalyst should have a AGy- value near zero to facilitate both
the H* adsorption and desorption based on the Sabatier
principle.**®%%3"°> Ag depicted in Fig. 5a, b and Fig. S100 (ESI7),
the calculated AGy- value at the Co site in Co-P exhibits the
most negative value of —0.60 eV among the investigated
models, indicating the strongest bonding between Co and H*.
Nevertheless, after incorporation of Fe and O into the lattice of
Co-P, the calculated AGy- value is remarkably decreased to
—0.42 eV in Co@CoFe-P and —0.40 eV in O-Co@CoFe-P,
respectively. Such smaller adsorption energies suggest that Fe
substitution can improve the HER activity of Co-P. Besides H*
adsorption, the adsorption and dissociation of water molecules are
further kinetic barriers for HER under alkaline conditions.*®*°
Therefore, the bonding energies of H,O molecules adsorbed on
Co-P, Co@CoFe-P, and O-Co@CoFe-P were calculated. As shown
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Fig. 5 (a) Optimized adsorption slab models of O-Co@CoFe-P towards
HER under alkaline conditions (TS = transition state). (b) Calculated free
energy diagrams of H* intermediates adsorbed on three models. (c)
Calculated adsorption energy of H,O molecules. (d) Calculated related
reaction energy of water dissociation.

in Fig. 5c, the adsorption of water molecules is more thermo-
dynamically favorable on Co@CoFe-P and O-Co@CoFe-P com-
pared with Co-P, which reflects their lower energy barrier for
proton dissociation. The calculations (Fig. 5d) indicate that for
Co-P a minimum energy barrier of 2.31 eV must be overcome to
dissociate one H,O molecule, which is higher than those for
Co@CoFe-P (1.98 eV) and O-Co@CoFe-P (1.88 eV). It is note-
worthy that the active metal site for water adsorption and dissocia-
tion is relocated from the Co site in Co-P to the Fe site in
Co@CoFe-P, owing to the higher 3d-band center position of Fe
compared with Co (Fig. $100d, ESIt). This is in line with operando
XAS analyses (Fig. 4b and Fig. S82b, ESIt), where the changes in
the Fe oxidation state are greater than for Co sites during the HER
process. After water dissociation is accomplished, the dissociated
proton preferably moves to a neighboring Co site of the P-Co-O-
Fe-P moieties to release H, (Fig. 5a). On combining the above
experimental and computational results, we conclude that partial
substitution of Co by Fe in Co-P NBs can improve the HER activity
by accelerating the water dissociation process and facilitating
proton release. During the HER process, the in situ reconstructed
O-Co@CoFe-P acts as real catalytically active species via its P-Co—
O-Fe-P moieties. The formation of P-Co-O-Fe-P moieties not
only optimizes AGy+ but also facilitates the water dissociation
process.

For the OER, we demonstrate that the in situ reconstruction
into Co™-O-Fe" moieties plays a pivotal role in the OER
activity of Co@CoFe-P NBs. Recent DFT investigations of
Co-based materials reveal that the appearance of the oxygen-
bridged Co™-O-Fe"™ configurations leads to more preferable
adsorption energies for OER intermediates (OO* or OOH¥)
compared with single Co sites or Co™-0-Co" configurations,
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thus accounting for the enhanced OER activity of the as-
prepared Co@CoFe-P NBs,50:82784:96:97

Perspectives

Concerning a broader catalyst design impact, our results indicate
that anionic substitution strategies are promising to further
optimize pnictide- and chalcogenide-based transition metal elec-
trocatalysts for water splitting. The intrinsic thermodynamic
properties of materials with different anions (e.g. O, P, S, Se,
and Te) enable a local electronic regulation of the reconstructed
active configurations™'® for higher HER performance. Our oper-
ando results point to the stepwise transformation/oxidation and
the subsequent formation of high valence states of metal ions in
M-0O-M moieties derived from anionic leaching during the OER
process. This is regarded as a common denominator of TMCs
and TMPs during the OER process. Concerning the advantages of
TMCs and TMPs as OER catalysts compared with current opera-
tional catalysts based on metal (oxy)hydroxides, we believe that
the in situ formation of highly disordered structures in TMCs
and TMPs is a vital contribution to their higher OER activity
(Fig. S87-S91, ESIT). However, the influence of residual pnictide/
chalcogenide anions remaining on the surface or in the electro-
lyte still needs to be clarified in detail as well, especially via
advanced surface sensitive techniques,®°® such as in situ/
operando soft XAS, XPS, and FT-IR techniques.

Conclusions

In summary, we present a convenient self-templated strategy
starting from versatile ZIF-67 nanocube (NC) and yolk-shell
ZIF-67@CoFe-PB NC precursors for the preparation of a series
of single-shell Co-S, Fe-P and Co-P nanoboxes (NBs), and
hierarchically nanostructured Co-S@CoFe-PB, Co@CoFe-O,
Co@CoFe-P, Co@CoFe-Se, and Co@CoFe-Te through facile
chemical vapor deposition methods.

The as-prepared Co@CoFe-P NBs are highly active and
robust electrocatalysts for both hydrogen and oxygen evolution
over a wide pH range (0-14). Co@CoFe-P NBs with tailored
hierarchical architectures excel through promising catalytic
performance with low HER overpotentials (at 10 mA cm™ %) of
83 mV in 0.5 M H,SO,, 104 mV in 1.0 M KOH, and 150 mV in
1.0 M PBS, as well as 266 mV in 1.0 M KOH for OER. Inspired by
the excellent HER and OER activities of the Co@CoFe-P NBs, we
further assembled them as nanostructured bifunctional electro-
des for overall water splitting. The as-synthesized Co@CoFe-P
NBs provide a current density of 10 mA cm™ > at a very low cell
voltage of 1.49 V. Most importantly, the device retains current
densities of 10 mA cm ™2, 50 mA cm™ 2, and 100 mA cm™ 2 for
over 220 h without a significant decline, thus displaying a high
potential for applied industrial electrocatalysis.

To identify the structural HER/OER reconstruction dynamics
and the real catalytically active species of the as-prepared
Co@CoFe-P NBs and reference Co-P, operando XAS and Raman
spectra as well as RRDE studies were performed. Our results
demonstrate that the active HER species in Co-P and

This journal is © The Royal Society of Chemistry 2022
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Co@CoFe-P NBs arise from in situ reconstructed P-Co-O and P-
Co-O-Fe-P configurations with low-valence metal sites (M%/M").
Moreover, DFT simulations confirm that these in situ reconstructed
species lower the energy barriers for water dissociation and adsorp-
tion of H* intermediates, thereby enhancing the HER activity.

As for OER, we show that the as-prepared Co-P and Co®@
CoFe-P NBs undergo stepwise structural reconstructions into
highly catalytically active Co™-O-Co™ moieties and Co'™-O-Fe
configurations, respectively. Notably, the formation of such reactive
Co™MV_0-Fe"™ configurations is basically suppressed in reference
Co-FeOOH under the same conditions, which reveals the specific
advantages of phosphide-based catalysts for OER. On a larger scale,
ex situ studies evidence that a range of as-prepared reference
chalcogenides confirm the above trends through closely related
general changes in the local electronic structure and coordination
environments of their metal centers. Their individual dynamic
structural reconstructions and real catalytically active species now
remain to be specified with detailed in sitw monitoring studies.

We present a convenient operando tracking approach for the
structural reconstruction dynamics and the involved active
catalytic species of TMPs during HER and OER. Our results
on TMCs furthermore pave the way for future studies on HER in
alkaline media via anionic substitution strategies to generate
optimized reactive A-M-O-M-A (A: P, S, Se, and Te; M: Fe, Co,
and Ni) configurations. The emerging design principles for new
noble metal-free multifunctional electrocatalysts will expedite
the progress of low-cost, applied energy conversion and storage
systems.
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