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Rational element-doping of FeOOH-based
electrocatalysts for efficient ammonia
electrosynthesisf

Haifan Wang,®*“ Menglei Yuan,**® Jingxian Zhang,*® Yiling Bai,*" Ke Zhang,® Bin Li*?
and Guangjin Zhang () *3°

Electrocatalysis has been intensively studied in nitrogen (N,) reduction for its sustainable power and
stable catalytic performance, but it is still limited by weak activation of N, at the catalytic sites, and the
competition from the hydrogen evolution reaction (HER). The special d-orbital electron arrangement of
transition metals and the tuning of the microenvironment provide possible strategies to enhance the
activation of N, while improving the selectivity of the eNRR. Herein, FeO(OH, S) with high spin state and
Mo-FeOOH with low spin state were designed around the FeOOH-based catalysts through elemental
doping, which could achieve excellent ammonia yield performance of 80.1 + 4.0 ug h™* mge,*
(FE 36.9 + 0.5%) and 86.8 + 4.1 ug h™* mgc, * (FE 29.1 + 0.8%) in 0.1 M LiClO4 at —0.6 V vs. RHE,
respectively, coupled with polyethylene glycol (PEG) to inhibit the HER. Based on theoretical calculations
to investigate the adsorption of N, on Fe sites, the FeO(OH, S) catalyst has stronger adsorption ability,
which may originate from the high spin effect, which means that the more isolated and highly active eq4
orbital electrons are more beneficial to realize the electronic feedback mechanism, promoting the d-=n*
orbital interaction with N».

To investigate different d-orbital electron structures of Fe active sites, FeO(OH, S) with high spin state (t,4’e,”) and Mo-FeOOH with low spin state (t,5’e;")
catalysts were successfully synthesized by elemental doping strategies. With PEG inhibiting the HER, FeO(OH, S) and Mo-FeOOH catalysts achieved
outstanding electrocatalytic nitrogen reduction reaction (eNRR) performance with NHj; yield rates of 80.1 & 4.0 ug h™' mg.,, ' (FE 36.9 + 0.5%) and 86.8 &
4.1 pg h™ ' mge: ' (FE 29.1 £ 0.8%) in 0.1 M LiClO, + 20% PEG, respectively. DFT calculations reveal that FeO(OH, S) exhibits the strongest N, adsorption
capability, which is mainly because more isolated e, orbital electrons could promote d-n* orbital interaction to activate N,. This possible high spin effect may
provide positive guidance for the electronic structure design of other TM-based electrocatalysts for the eNRR.

1. Introduction
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As the main component of the natural nitrogen element cycle,
nitrogen (N,) makes up 78% of the composition of air. Unfor-
tunately, N, cannot be utilized directly, but has to be converted
into nitrate (NO;~, NO, ) and ammonia (NH;, NH,") by light-
ning and biological fixation reactions. The establishment of the
Haber-Bosch ammonia synthesis process (N, + 3H, — 2NHj)
provides a successful human intervention for nitrogen fixation
and an efficient chemical synthesis route to form ammonia.
However, the Haber-Bosch technique consumes a lot of energy
from raw hydrogen (H,) production and requires harsh reaction
conditions (350-550 °C, 150-350 atm)," while generating car-
bon dioxide (CO,), which is a serious burden to the carbon cycle
in nature. With the development of green catalytic research,
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photocatalytic,”™* electrocatalytic, and enzyme catalytic® sys-
tems have emerged as new green alternatives to the Haber-
Bosch route. Among them, electrocatalytic nitrogen reduction
(eNRR) has received more attention due to its sustainable
power force, electricity, and relatively stable catalytic perfor-
mance. However, there are still major challenges that currently
limit the industrial application of the eNRR, such as the low
diffusion rate of N, in aqueous electrolytes, the hindrance of
slow N=N triple bond cleavage, and the competition from the
side hydrogen evolution reaction (HER).®

With the aim of reducing HER kinetics and increasing the
efficiency of the eNRR process, the construction of a suitable
catalytic microenvironment is considered an efficient strategy
to reduce the proton concentration on the catalyst surface by
controlling the diffusion of protons or proton carriers,”® such
as the introduction of special electrolyte additives, including
polyethylene glycol (PEG), methanol (CH;0H), etc. Electrostatic
potential analysis of PEG shows that a large number of negative
oxygen sites (C-O-C) can form hydrogen bonds with the H
atom in water molecules (H,0, H-O-H) or [H;0]", thus forming
a local hydrophobic layer and hindering the diffusion of H,O to
the electrode surface.'®'" Furthermore, the unique d-orbital
electronic configuration of transition metals (TMs) located in
IIIB to VIII groups provides a possible mechanism for enhan-
cing the activation of N,. For example, Fe,">'* Co,"*"* Ni,'®"”
Mo, '8 v,2921 j 2223 and other elements*"** are widely used
to develop high performance ammonia electrocatalysts. Speci-
fically, when N, chemisorbs to the active sites of TM-based
catalysts (TMs-N), the electrons from the o orbitals of the N,
molecule can transfer to the unoccupied d orbitals of the TMs
(d-o). Meanwhile, feedback electrons from the occupied d
orbitals of TMs are also donated to the empty anti-bond n*
orbitals of N, (d-n*). This electronic ‘“donation-backdonation”
mechanism will reduce the triple bond level and activate N,.*¢2®
Therefore, as with TM-based electrocatalysts, rational design of
the d-orbital electron arrangement would facilitate the adsorp-
tion and activation of N,. And the change in the orbital electron
arrangement is often reflected in the spin state and effective
paramagnetic moment (pegr) of the corresponding metal. In
addition, much literature indicates that atomic doping can
introduce new active sites, and optimize the local charge
distribution and electronic structure of the catalytic centers,
which is a valid strategy to modulate the spin state of the
materials.”*

FeOOH is a common iron oxide and has excellent electro-
catalytic activities, including in water splitting (HER,** oxygen
evolution reaction (OER)*®*7)*® the eNRR, and batteries.>**°
Zhu et al. reported that FeOOH and B-FeO (OH, F) electrocata-
lysts could achieve NH; yields of 23.32 pg h™' mg... " (FE 6.7%)
at —0.75 V vs. RHE and 42.38 ug h™' mg.. ' (FE 9.02%)
at —0.6 V vs. RHE in 0.5 M LiClO,.*"** Also using the
atomic doping method, Tan et al. developed a Zr-FeOOH
electrocatalyst to achieve superior eNRR performance (1.39 X
107"° mol s~ ecm™?, FE 35.63%) at —0.5 V vs. RHE in 0.1 M
NaZSO4.43 In non-aqueous systems, Ren et al. constructed
CH,;0H + 0.16% H,O0 electrolyte to improve the eNRR efficiency
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of FeOOH-CNT to a higher level (262.5 ug h™' mge. ', FE
75.9%).** In this article, based on the elemental doping strat-
egy, FeO(OH, S) with a high spin state and Mo-FeOOH
with a low spin state were successfully synthesized, which
could achieve excellent NH; yield performances of 80.1 +
40 pg h™' mg. ' (FE 369 + 0.5%) and 86.8 =+
41 pg h™' mge. " (FE 29.1 + 0.8%) at -0.6 V vs. RHE in
0.1 M LiClO, + 20% PEG, respectively, coupling with PEG to
inhibit the HER. Compared with the aqueous system, this
reactive system we reported can further improve the ammonia
yield rates and efficiencies of the electrocatalysts, which
indicates that the FeO(OH, S) and Mo-FeOOH catalysts exhib-
ited better eNRR performance than most recent electrocatalysts
listed in Table S3 (ESIt). But for non-aqueous systems, such as
the methanol system, there is still a certain gap in the perfor-
mance of ammonia synthesis, which is due to the fact that the
appropriate introduction of PEG only partially inhibits the occur-
rence of water splitting to hydrogen, rather than decreasing the
activity of protons totally. Furthermore, when Fe sites were chosen
as the main active center, theoretical calculations revealed that
FeO(OH, S) has a stronger N, adsorption energy, which is mainly
due to more isolated and highly active e, orbital electrons. As for
FeOOH-based electrocatalysts, this possible high spin effect could
enhance d-n* orbital interaction to activate N,.

2. Experimental
2.1. Materials

Iron chloride [FeCls, AR, 99.9%], molybdenum pentachloride
[MoCl;, AR], polyethylene glycol [PEG, AR], sodium hypochlor-
ite [NaClO, AR], sodium citrate [CsH5;Na30-, AR], salicylic acid
[C;H03, AR], sodium nitroferricyanide(ur)dihydrate [CsH,FeN.
Na,Os3, AR], p-dimethylaminobenzaldehyde [CoH;;NO, AR],
ammonium chloride [NH,CI, "*N(AR), °N(98%, AR)], fumaric
acid [C4H,404, AR, 99.5%] and lithium perchlorate [LiClO,, AR,
>99.99%] were purchased from Aladdin Chemical Reagent Co.,
Ltd. Urea [CO(NH,),, AR], hydrochloric acid [HCI, AR], hydra-
zine hydrate [N,H,-H,O, AR, 85%], sodium hydroxide [NaOH,
AR] and anhydrous ethanol [C,H¢O, AR] were purchased from
Sinopharm Chemical Reagent Co., Ltd. Thiourea [CH4N,S, AR]
was purchased from Xilong Scientific Co., Ltd. Sodium chloride
[NaCl, AR] was purchased from Beijing Chemical Industry
Group Co., Ltd. Water was purified by the Millipore system
and ethanol was utilized without further purification.

2.2. Preparation of FeFOOH nanorods

10 g FeCl; was first dissolved in 80 mL DI and was stirred for
1 h. Subsequently, this obtained solution was transferred into a
100 mL hydrothermal autoclave at 120 °C for 12 h. The result-
ing product was washed several times with DI and ethanol. The
final sample FeOOH was dried in an oven at 60 °C for 12 h.

2.3. Preparation of FeO(OH), and FeO(OH, S)

2.6 g FeCl; was first dissolved in 35 mL DI and 35 mL ethanol,
and then this mixture was stirred for 1 h. Subsequently, this
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obtained solution was transferred into a 100 mL hydrothermal
autoclave at 120 °C for 5 h. The resulting product was washed
several times with DI and ethanol. The final sample FeO(OH),
was dried in an oven at 60 °C for 12 h.

100 mg FeO(OH), sample was dispersed into 40 mL DI and
sonicated for 1 h to make the suspension homogeneous. After
that, 1 g thiourea was dissolved into the above suspension and
stirred for 30 min, and then the mixture was transferred to a
50 mL hydrothermal autoclave at 120 °C for 3 h. When the
reaction finished, the resulting product was washed several
times with DI and ethanol. The final yellow sample FeO(OH, S)
was dried in an oven at 60 °C for 12 h.

2.4. Preparation of FeFOOH-oil bath (FeOOH-0) and Mo-FeOOH

1.35 g FeCl3-6H,0, 0.75 g urea, and 2.9 g NaCl were dissolved in
25 mL DI and stirred for 1 h. The solution was then transferred
to a 50 mL round-bottom flask with a reflux condenser and
placed in a thermostat oil bath cauldron at 100 °C for 4 h. When
the reaction finished, the resulting product continued to age at
100 °C for 1 h. After aging, the yellow sample was washed
several times with DI and ethanol. Then the FeOOH-o catalyst
was placed in a vacuum oven and dried at 60 °C for 12 h.

Based on similar synthesis methods, 1.23 g FeCl;-6H,0,
109.3 mg MoCls, 0.75 g urea, and 2.9 g NaCl were the precursors
of the Mo-FeOOH catalyst.

2.5. Electrochemical experiments

The H-type electrochemical reaction cell and three electrode
system were used to measure the electrochemical ammonia
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synthesis. The catalyst ink for the working electrode was pre-
pared by dispersing about 3 mg of catalyst in a mixed solution
of 30 pL Nafion (0.5 wt%), 500 pL ethanol, and 470 pL water
followed by sonication for 1 h. The prepared catalyst loaded on
a piece of pretreated carbon cloth (1 x 1.5 cm?) was used as the
working electrode with a mass loading of 0.3 mg cm 2. To avoid
contamination with nitrogen-containing species in the air,
electrodes were used either immediately after preparation or
kept in a vacuum before being used in electrochemical experi-
ments. Meanwhile, a graphite rod and Ag/AgCl electrode (satu-
rated KCl electrolyte) were employed as counter electrodes and
reference electrodes, respectively.

3. Results and discussion

3.1. Characterization of the catalysts

Pristine FeOOH, FeO(OH),, and FeO(OH, S) samples were
synthesized by the typical solvent-thermal method. In order
to dope more sulfur atoms, FeO(OH), with partial hydroxyl
deletion was first synthesized by the ethanol solvent-thermal
method. And then FeO(OH), as the precursor was further
treated with thiourea to obtain the final sample FeO(OH, S).
As shown in the X-ray diffraction (XRD) diagram, all the
samples exhibit similar diffraction patterns, which is well
consistent with the tetragonal phase of FeOOH (JCPDS:
75-1594)"" (Fig. 1a,). Specifically, the characteristic diffraction
peaks of FeO(OH, S) located at 11.85° 16.91°, 26.84°, 34.17°,
35.32°, 39.30° 46.55° and 56.09° correspond to the (110), (200),
(130), (400), (211), (301), (411) and (251) crystal planes. The
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(a) XRD patterns of different FeEOOH samples: (al) pristine FeOOH and FeO(OH,S) catalysts; (a2) FEOOH-0 and Mo-FeOOH(5%) catalysts; (b) FTIR

spectra of different FefOOH samples: (bl) pristine FeOOH and FeO(OH,S) catalysts; (b2) FeOOH-0 and Mo-FeOOH(5%) catalysts; (c) Raman spectra of
different FeOOH samples: (c1) pristine FeOOH and FeO(OH,S) catalysts; (c2) FEOOH-0 and Mo-FeOOH(5%) catalysts.
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crystallinity of FeO(OH, S) is lower than that of pristine FeOOH
obtained by the direct hydrothermal route, which may be due to
the insufficient hydrolysis of FeCl; to Fe(OH); in the ethanol
solution, which affected the formation of the subsequent
FeOOH crystal during the synthesis of the precursor
FeO(OH), by the ethanol-water solvent thermal method.

In Fig. 1b,, the FTIR spectra show the stretching vibrations
of -OH groups (3379 cm ') and Fe-O bonds (640 cm *,
696 cm™ ). Meanwhile, the Fe-OH bending vibrations*’ also
appear at 851 cm ' and 492 cm ™. As can be seen from the
Raman spectrum in Fig. 1cy, the peaks at 323 cm™ %, 391 cm ™,
486 cm™ ', 534 cm ™', and 721 cm™ ' can be assigned to the
vibrations of Fe-OH and Fe-O bonds. In addition, the peaks of
-OH groups®® are located at 2,436 cm™* and 3,520 cm .
Compared to pristine FeOOH, FeO(OH, S) presents extra
characteristic peaks at 1113 cm ™' in the FTIR spectrum and
at 422 cm™ " in the Raman spectrum, which correspond to S-O
vibration*” and the Fe-S T, mode,*® respectively. Similar to the
XRD results, the intensity of the Fe-O and Fe-OH peaks
observed in the FTIR and Raman spectra also decreases. And
the reasons can be ascribed to two aspects: (i) the ethanol
solvent thermal method limited the complete formation of
FeOOH, resulting in the deletion of partial groups; (ii) the
introduction of sulfur successfully replaced partial -OH groups
in FeEOOH after thiourea treatment.

As for the FeOOH-o and Mo-FeOOH samples synthesized by
the oil-bath route, the XRD diagram (Fig. 1a,) reveals that the
characteristic diffraction peaks of the FeOOH-o and Mo-
FeOOH(5%) samples also match well with the tetragonal
phase of FeOOH. Meanwhile, the peak intensity of the Mo-
FeOOH sample decreases compared with the FeOOH-o sample
because the introduction of Mo reduces the amount of Fe
source supply and replaces partial Fe sites. The composition
of the groups on the catalyst surface was also verified by FTIR
and Raman spectra. It is found that the group peak positions of
FeOOH-o and Mo-FeOOH(5%) are similar to the results of
pristine FeOOH and FeO(OH, S) samples, including -OH
groups, Fe-O and Fe-OH bonds. However, the peaks at
927 em ™' in the FTIR spectrum (Fig. 1b,) and 827 cm ™' in
the Raman spectrum (Fig. 1c,) are attributed to the formation
of Mo-O bonds.***® Due to the partial replacement of Fe sites
by Mo atoms, the intensity of the main group peaks of Mo-
FeOOH(5%) in the FTIR and Raman spectra decreased,
compared to the FeOOH-o sample.

To realize the microscopic morphology of the synthesized
catalyst series, the relevant samples were characterized by
scanning electron microscopy (SEM). In Fig. 2a and Fig. S2
(ESIT), the FeO(OH, S) sample exhibits a short nanorod struc-
ture with a length of about 100 nm, and EDS analysis shows
that elemental species of Fe, O and S are uniformly distributed
in the prepared samples with the mass fraction of sulfur being
about 1.6 wt% (Fig. S3 and Table S1, ESIt). In addition, the
lattice of FeO(OH, S) is further observed by high-resolution
TEM (HRTEM). As shown in Fig. 2b, an interplanar distance of
the FeO(OH, S) sample is measured to be 0.532 nm, corres-
ponding to the (200) crystal plane. Using the same testing

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

EES Catalysis

e 5(() nm

Fig. 2 (a) SEM image of the FeO(OH, S) catalyst and corresponding EDS
mapping results; (b) HRTEM image of the FeO(OH, S) catalyst; (c) SEM
image of the Mo—-FeOOH(5%) catalyst and corresponding EDS mapping
results; (d) HRTEM images of the Mo—FeOOH(5%) catalyst.

instruments, the FeOOH-o catalyst shows a nano-flower struc-
ture, while the morphology of the Mo-FeOOH catalyst changes
from nano-flower to nano-plate with the increase of the relative
Mo content, as shown in Fig. 2c and Fig. S4 (ESI{). In this study,
the Mo-FeOOH(5%) catalyst is chosen as the main research
catalyst and is directly named Mo-FeOOH. Then, the results of
the Mo mass fraction in the Mo-FeOOH catalyst tested by EDS
analysis and ICP are 16.60 wt% and 13.86 wt%, respectively
(Fig. S5 and Table S2, ESI). In Fig. 2d, the HRTEM image of
Mo-FeOOH exhibits that the interplanar distance is about
0.7554 nm, which agrees well with the (110) plane of the crystal.

X-Ray photoelectron spectroscopy (XPS) is a common tech-
nique to characterize the surface chemical state of samples.
The XPS survey spectrum shown in Fig. S6(a) (ESIt) indicates
that the FeO(OH, S) contains Fe and O elements, but the S 2p
peaks are not observed due to the tiny amount of S content. In
the Fe 2p spectrum of pristine FeOOH (Fig. 3a), two different
peak signals centered at 710.6 and 724.3 eV are attributed to Fe
2paj2 and Fe 2py,, respectively.*’”" In addition, there are two
satellite peaks located at 719.1 and 733.1 eV. Compared with
the pristine FeOOH, the signal peak positions of Fe 2p;/, and Fe
2p1, in FeO(OH, S) exhibit a slight shift toward higher binding
energy position, which stems from the Fe-S interaction. And
the O 1s spectra (Fig. S6(b), ESIT) show three peak signals at
530.2, 531.6, and 533.6 €V, which can be ascribed as the lattice
0 and Fe-OH bonds,”*** as well as the ~OH groups attached to
the catalyst surface due to the aqueous phase synthesis process.
As for FeO(OH, S), the introduction of S atoms leads to a
negative shift of the overall O 1s signal peaks, which results
from the formation of the S-O bond. Fe-S and S-O bonds were
further demonstrated by S 2p spectra, and as revealed in
Fig. 3b, the intense signal peak at 168.1 eV is attributed to
the S-O bonds, while the signal peaks at 163.8 eV and 162.5 eV
can be assigned to S 2py/, and S 2ps),, representing S~ and the
formation of Fe-S bonds.”*

Focusing on the Mo-FeOOH sample, the presence of Fe, O,
and Mo elements can be observed in the XPS survey spectrum

EES Catal., 2024, 2, 324-334 | 327
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Fig. 3 (a) High-resolution Fe 2p spectra of pristine FeOOH and FeO(OH, S) catalysts; (b) high-resolution S 2p spectra of the FeO(OH, S) catalyst; (c)

temperature-dependent inverse susceptibility (1/y) curves of pristine FeOOH and FeO(OH, S) catalysts; (d) high-resolution Fe 2p spectra of the FeEOOH-0
and Mo—-FeOOH catalysts; (e) high-resolution Mo 3d spectra of the Mo—FeOOH catalyst; (f) temperature-dependent inverse susceptibility (1/y) curves of

the FeOOH-0 and Mo-FeOOH catalysts.

in Fig. S7(a) (ESIt), which is in good agreement with the EDS
results and proves the successful preparation of Mo-FeOOH. In
the Fe 2p spectrum (Fig. 3d), two different peak signals cen-
tered at 711.6 and 725.2 eV are attributed to Fe 2p;, and
Fe 2py,, respectively.”>*® Furthermore, the shift of the Fe 2p
signal peaks towards negative positions in Mo-FeOOH is
attributed to the electronic tuning effect of the Mo sites and
the charge redistribution around Fe sites. In Fig. 3e, the 3d
spectra of Mo show that the characteristic peaks at 232.01 eV
and 235.1 eV belong to the 3ds, and 3d,, of Mo®", further
confirming the successful introduction of Mo atoms.>” The
O 1s spectrum (Fig. S7(b), ESIt) shows two peaks at 529.8 eV
and 531.5 eV for FeOOH-o, which can be attributed to the
lattice O and Fe-OH bonds.”® Similarly, the O 1s signal peaks in
the Mo-FeOOH are negatively shifted, which may be due to the
formation of Mo-O bonds.

Based on the crystal field theory and the transition metal
compound model, the electrostatic interaction between the
central metal ion and the ligands causes the metal d orbitals
to undergo energy level splitting. As for the octahedral field
constructed by six ligands, five degenerate d orbitals are split
into two high-energy e, orbitals and three low-energy t,,
orbitals. The effective paramagnetic moment (ue) is visual
data to analyze the spin state of transition metal compounds
and further understand the arrangement of orbital electrons.
Therefore, to verify that the elemental doping strategy can
modulate the spin state of the Fe sites for FeOOH-based
materials, the ZFC-FC magnetic measurement technique was
used to quantitatively evaluate the spin state of the relative
catalysts: the magnetization () of pristine FFOOH, FeO(OH, S),
FeOOH-o and Mo-FeOOH samples was measured at a given
external magnetic field (H = 500 Oe for pristine FeOOH and
FeO(OH, S); H = 300 Oe for FeOOH-o and Mo-FeOOH), and
then the inverse magnetization (1/y) curves with temperature
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were plotted to fit the Curie-Weiss law (y = C/(T — 0)) to obtain
the Curie constant C, and further calculate the u.g to calculate
the electron orbital arrangement.>®

As shown in Fig. 3c, the p¢ values for pristine FeOOH and
FeO(OH, S) are 4.34up and 5.91ug, respectively, indicating that
the S doping successfully improves the spin state of Fe sites and
the e, orbitals show an electron half-filled state (t,,’e,”). From a
crystal field theory perspective, this phenomenon is attributed
to the fact that weak field ligands, such as F~, $*~ and so on,
can reduce the orbital splitting energy (Ea) of the central metal
ion, thus contributing electrons to fill higher energy orbitals.
Using similar curve fitting and calculation methods, the pes
values of FEOOH-o and Mo-FeOOH are obtained as 4.02up and
2.62up in Fig. 3f, respectively. The decreasing spin state of the
Mo-FeOOH can be attributed to the electronic tuning of the Mo
sites,***” indicating that the e, orbitals of the Fe sites in Mo-
FeOOH are basically empty (t,,°e,”). Additionally, theoretical
calculation can also determine changes of the spin state by the
net spin-up state density. As shown in Fig. S30 (ESI{), compared
with Fe sites (in FeO(OH, S)), the decrease of net spin up (Aspin-
up) in Fe sites (in FeOOH or Mo-FeOOH) confirms the success-
ful spin state transition from high spin state to intermediate
and low spin state of the FeOg octahedron. In conclusion, we
have successfully synthesized FeO(OH, S) and Mo-FeOOH
catalysts by elemental doping, and demonstrated the validity
of this approach in regulating the spin state of the active center.

3.2. The electrocatalytic activity of the catalysts

The ammonia electrosynthesis activity of the samples in 0.1 M
LiClO, + 20% PEG electrolyte was evaluated in an H-shaped
cell, which is separated by a Nafion 211 membrane and
equipped with a three-electrode system. The feed gases (N,
and Ar) and the reactor must be rigorously pretreated prior to
the experiments in order to reduce the influence of relevant

© 2024 The Author(s). Published by the Royal Society of Chemistry
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impurities (NH3z, NO,) on the measurement results. The main
product ammonia was detected by the indophenol blue
method, the standard curves of which are shown in Fig. S8(a
and b) (ESIt). Initially, the linear sweep voltammetry (LSV) tests
were used to analyze the potential of eNRR activities for
FeO(OH, S) and Mo-FeOOH catalysts. As shown in Fig. 4(a),
both FeO(OH, S) and Mo-FeOOH catalysts show an increase in
current density under N,-saturated electrolyte compared to the
LSV profile measured in Ar-saturated electrolyte, which
indicates the occurrence of the eNRR process on the corres-
ponding catalysts. Chronoamperometry measurements were
then performed in the range of —0.4 to —0.8 V vs. RHE to
quantify the ammonia yield rates and Faraday efficiencies at
each reaction potential for FeO(OH, S) and Mo-FeOOH cata-
lysts. According to Fig. 4(b and c), FeO(OH, S) and Mo-FeOOH
catalysts exhibited the highest NH; yield rate of 80.1 &+ 4.0 and
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86.8 + 4.1 ug h™' mg., " at —0.6 V vs. RHE with FE of 36.9 +
0.5% and 29.1 £ 0.8%, respectively. In addition, FeO(OH, S)
and Mo-FeOOH catalysts also show better performance than
that of pristine FeEOOH and FeOOH-o catalysts shown in
Fig. 4(d and e), which can be attributed to the larger electro-
chemical active surface (ECAS) and higher charge transfer
efficiency shown in Fig. 4(h and i).

Based on the same methods, we again measured the ammo-
nia electrosynthesis activities of FeO(OH, S) and Mo-FeOOH
catalysts in 0.1 M LiClO, electrolyte. Compared with the LSV
curves and chronoamperometric curves of FeO(OH, S) in N,-
saturated electrolytes in Fig. S14(a and b) (ESI), the decreased
current density with the introduction of PEG reflects that the
HER is inhibited during the whole reaction. As shown in
Fig. S14(c) (ESIt), it was observed that the FeO(OH, S) sample
exhibited better eNRR activity under 20% PEG at —0.6 V vs. RHE
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than that without PEG, and the corresponding ammonia yield
and FE were improved by 4.1 and 5.3 times. In Fig. S15 (ESIT),
the Mo-FeOOH catalyst also showed similar performance dif-
ferences in N,-saturated electrolyte with different content
of PEG.

From another aspect, the temperature-programmed N,
desorption (N,-TPD) measurement can also be performed to
demonstrate the nitrogen chemisorption capacities of the
catalysts. Fig. 4f shows an obvious hierarchy with the desorption
temperature following a sequence of FeO(OH, S) >
pristine FeOOH, indicating that S doping would enhance N,
adsorption at Fe sites. However, Mo-FeOOH shows opposite
properties in Fig. 4g. The temperature of the desorption peaks
corresponding to FeOOH-o decreases, while a sharp peak
appears at 509.3 °C, resulting from the introduction of Mo
sites. Therefore, Mo doping would weaken the N, adsorption on
Fe sites, but provide new active centers to promote the eNRR
process.

As for the catalytic stability over 10 h chronoamperometry
shown in Fig. S16 and S17 (ESIt), the current densities of the
FeO(OH, S) and Mo-FeOOH catalysts show significant fluctua-
tions only at the initial stage but maintain good current
stability for the rest of the time. In addition, after long-term
electrolysis, the results of XRD, XPS, TEM or SEM show that the
FeO(OH, S) and Mo-FeOOH catalysts still maintained a similar
crystal structure, microscopic morphology and chemical state.
However for the Mo-FeOOH catalyst, compared with the O 1s
pattern before electrolysis, a new signal peak of -OH groups
appears at 532.8 eV after the reaction, which can be attributed
to the absorption of H,O on the catalyst surface after the
aqueous phase reaction. In terms of experimental repeatability,
four independent electrolysis experiments were carried out on
FeO(OH, S) and Mo-FeOOH catalysts under the optimum
reaction potential of —0.6 V vs. RHE and 0.1 M LiClO4 + 20%
PEG electrolyte. The results of these repeated measurements
show little variation of NH; yield rate and selectivity in Fig. S18
and S19 (ESIt), proving that the related catalysts have stable
and reliable performance in ammonia electrosynthesis under
ambient conditions.

Meanwhile, the by-product N,H, was detected by the Watt-
Chrisp method at —0.6 V vs. RHE for FeO(OH, S) and Mo-
FeOOH catalysts and it is found that almost no obvious peaks
appear in the UV-Vis absorption spectrum in Fig. S23(a) and
S24(a) (ESIt), which means little amounts of N,H, were pro-
duced during the eNRR process. Furthermore, in order to avoid
environmental contaminants from leading to false positive
results, including NO, and impurity ammonia in the atmo-
spheric environment, a series of comparison experiments
were set up to confirm that the ammonia detected in the
above experiments originated from the eNRR process of the
FeO(OH, S) and Mo-FeOOH catalysts. As shown in Fig. S23(b)
and S24(b) (ESIT), when the bare carbon cloth or the electrode
loaded with catalysts were inserted into the N,-saturated elec-
trolyte at open circuit potential (OCP), the electrolytes were
detected by UV-Vis spectrophotometer after 2 h reaction and
the peaks were found to be lower than the 0 ppm standard
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curve, which means that no impurity ammonia contaminated
the catalyst, carbon cloth and reactor.

Moreover, when the catalyst was used as the working elec-
trode, the signal peaks were significant only in the N,-saturated
electrolytes and not in the Ar-saturated electrolytes at —0.6 V vs.
RHE. These above phenomena suggest that the ammonia
detected in this work was mainly produced by the catalysts in
the N,-saturated electrolyte under a reasonable operating
potential, and prove that the corresponding experimental
results are accurate. In fact, the 'H NMR spectrum is more
intuitive to verify the nitrogen source of the ammonia electro-
synthesis. As expected in Fig. S27(a) and S28(a) (ESIt), no other
"NH; peak signals were observed when '°N, was used as a
nitrogen source, suggesting that the N element in NH; electro-
synthesized in the eNRR process comes only from the feed gas.
In addition, the '"H NMR spectrum is an auxiliary technique to
confirm the accuracy of the UV-Vis spectra for ammonia detec-
tion. Also as shown in Fig. S27(b, c¢) and S28(b, c) (ESI{), the
NH; concentration detected by 'H NMR spectroscopy was
basically in agreement with the results of UV-Vis absorption
spectroscopy, illustrating the reliability of the above experi-
mental methods.

3.3. DFT calculation

Density functional theory (DFT) calculations were utilized to
directly observe the ammonia synthesis process for FeO(OH, S)
and Mo-FeOOH. Herein, the XRD results indicate that all the
synthesized FeOOH-based species belong to the tetragonal
phase with the space group of I4/m, so this computational
model (mp-1237867, Materials Project) was chosen as the
original cell. Moreover, based on the results of EDS and ICP
measurement, reasonable amounts of Mo and S atoms selec-
tively replace the original Fe sites and hydroxyl groups in the
FeOOH cell.

Firstly, as for the FeO(OH, S) model, two possible sulfur-
substituted sites are mainly considered in the FeOOH (400)
crystal plane expansion cell, as shown in Fig. 5a. Based on the
above two models, the adsorption energies of N, on the Fe sites
under the end-on and side-on configurations were calculated
and compared in Fig. 5b, which shows that N, prefers to
be adsorbed on the Fe site under the end-on configuration
(—0.271 eV) and generate obvious charge interaction (Fig. 5c),
when S atoms replaced the internal -OH groups of FeOOH. Also
compared with pristine FeOOH (—0.142 eV) in Fig. 5(d),
FeO(OH, S-i) has stronger N, adsorption capacity, which is
consistent with the results of the N,-TPD tests. Finally, the
Gibbs free energies were calculated for each basic reaction of
the N, reduction as shown in Fig. 5h. The rate-determining
steps (RDS) for both hydrogenation pathways are the formation
of *NNH with an energy barrier of 1.96 eV. In addition, the
conversion of *NNH to *HNNH (0.12 eV) is easier than the
conversion of *NNH to *NNH, (0.8 eV), so the alternating
hydrogenation mechanism is more advantageous for the whole
hydrogenation process for FeO(OH, S). Similarly, in order to
investigate the difference of N, adsorption between Fe and Mo
sites in Mo-FeOOH, the adsorption energy calculations show

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that N, is more readily chemisorbed on the Mo sites with the
end-on configuration (—0.656 eV) and on the Fe sites of Mo-
FeOOH (—0.139 eV) and pristine FeOOH (—0.142 €V), as shown
in Fig. 5(e-g). Based on the calculation of the Gibbs free
energies in Fig. 5i, the RDS for the distal- and alter-
hydrogenation pathways is still the formation of *NNH
(1.11 eV). However, the conversion of *NNH to *NNH,
(—0.16 eV) has more negative free energy changes than the
process from *NNH to *HNNH (0.35 eV), so the distal route is
more likely to proceed.

Moreover, we continued to compare the Gibbs free energies
for each basic reaction in pristine FeOOH and Mo-FeOOH (Fe
as the main reactive center). As shown in Fig. S31(a) (ESIY),
pristine FeOOH follows the alternating hydrogenation route for
the whole hydrogenation process. Fortunately, Mo-FeOOH(Fe)

© 2024 The Author(s). Published by the Royal Society of Chemistry

in Fig. S31(b) (ESIt) also exhibits a similar reaction route, which
offers a basis for comparison among FeOOH, FeO(OH, S) and
Mo-FeOOH(Fe). In Fig. S32 (ESIT), the RDS is still the formation
of *NNH for FeOOH, FeO(OH, S) and Mo-FeOOH(Fe) species.
However, FeEOOH presents the largest energy barrier (3.3 eV),
which significantly inhibits its hydrogenation reaction. While
for FeO(OH, S) and Mo-FeOOH(Fe), the formation energy
barriers of *NNH are similar, and Mo-FeOOH(Fe) is more
beneficial for the second hydrogenation to form *HNNH. In
general, when Fe sites are chosen as the main reactive centers,
Mo-FeOOH(Fe) is more conducive to the hydrogenation in the
eNRR process.

Impressively, when N, was fixed on the Fe sites with the end-
on configuration, FeO(OH, S) exhibits the strongest adsorption
capacity (—0.271 eV), which exceeds that of pristine FeOOH

EES Catal,, 2024, 2, 324-334 | 331
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of Fe sites; (d) the possible mechanisms of the spin state effect for the N, activation process.

(—0.142 eV) and Mo-FeOOH (—0.139 eV), and is consistent with
the changes of Fe spin states in Fig. 6a. In particular, based on
the magnetic measurements of FeOOH, FeO(OH, S) and Mo-
FeOOH, Fig. 6¢ illustrates that the Fe sites in FeOOH exhibit the
medium spin state (t,5'e,'), while the Fe sites in FeO(OH, S)
and Mo-FeOOH exhibit the high spin state (t,,’e,’) and low
spin state (t,5’€e,"), respectively. Based on the electronic “dona-
tion-backdonation” mechanism of transition metals activating
N,, empty e, orbitals are more favorable to accept the ¢ orbital
electrons from N, during the first step of activation due to low
electron repulsion,®"** but half-occupied e, orbitals also have a
weaker ability to accommodate these electrons. As shown in
Fig. 6b, although the peak intensity of the d-c orbital inter-
action of FeO(OH, S) with half-occupied e, orbitals is lower than
that of Mo-FeOOH with empty e, orbitals, this electronic
donation process for FeO(OH, S) still exists. However, the high
filling state of the electrons in the e, orbitals is conducive to the
second step of the d-n* feedback mechanism, which can
promote the transfer of electrons to the anti-bond n* orbitals
of N, and enhance the activation of N, in general. Therefore,
there are almost no pronounced peaks at the d-m* orbital
interaction below the Fermi level in the -pCOHP diagram for
Mo-FeOOH due to the lack of isolated and active electrons in
the e, orbitals.

In order to reveal the electronic interaction mechanism in-
depth, in Fig. 6d, we speculate that a high spin effect exists in

332 | EES Catal, 2024, 2, 324-334

FeOOH-based electrocatalysts, which can enhance the N,
adsorption and activation ability of Fe sites, and the driving
force may be the internal electrostatic repulsion. Based on the
above experimental and calculation results, for FeO(OH, S)(d,)
when the electrons from the o orbitals of N, transfer to the
high-energy e, orbitals, although the electron repulsion would
weaken the d-o orbital interaction, this driving force also
causes the electrons originally occupying the e, orbitals to
transfer to the anti-bonding n* orbitals of N,. The remaining
G electrons would then restore the electronic structure of the Fe
sites to the initial state. In contrast, FeOOH(d,) with the
medium spin state (t2g4eg1) can only contribute one electron
to promote d-n* orbital interaction, while Mo-FeOOH(d;) needs
to excite electrons in lower-energy t,, orbitals to realize d-m*
interaction, which may be more difficult and explains the
differences in the N, adsorption energy among the three
catalysts.

4. Conclusion

Herein, FeO(OH, S) and Mo-FeOOH catalysts with different
spin states were designed by the elemental doping method.
With PEG inhibiting the HER Kkinetics, both FeO(OH, S) and
Mo-FeOOH catalysts could achieve superior NH; yields at
—0.6 V vs. RHE of 80.1 + 4.0 ug h™' mg.. * (FE 36.9 £ 0.5%)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and 86.8 + 4.1 pg h™' mg., ' (FE 29.1 & 0.8%), respectively, in
20% PEG + 0.1 M LiClO,. Furthermore, the theoretical calcula-
tions showed that the high spin state FeO(OH, S) catalyst
exhibited the most negative N, adsorption energy when Fe sites
served as the main active center for N, fixation, which actually
originated from the fact that high-spin Fe** has a half-occupied
e, orbital filling state to facilitate the electronic ‘‘donor-
backdonation” activation mechanism with molecular orbitals
of N,. In addition, low-spin Fe can accelerate the hydrogenation
reaction in general. In other words, this article comprehen-
sively discussed the potential role of the spin state or electronic
orbital modulation on the N, activation process around
FeOOH-based electrocatalysts by element doping, which would
be beneficial to improve the eNRR performance. In addition,
relative strategies and conclusions may provide positive gui-
dance for the electronic structure design of other TM-based
electrocatalysts in the eNRR research field.
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