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Regulating the spin density of Co"' using
boron-doped carbon dots for enhanced
electrocatalytic nitrate reductiont

Jingjing Huang,? Jingkun Yu,1® Xingmei Lu,? Yingying Wei,® Haogiang Song,?
Ang Cao, (2® Jinmeng Cai,*® Shuang-Quan Zang (22 and Siyu Lu (2 *?

Controlling the electron spin state on the catalyst surface can regulate the reaction activity, rate, and
selectivity of surface reactions. However, there are still many challenges in exploring new strategies for
electron spin regulation and mechanisms of the electron spin effect. Herein, we reported a method of
using BCDs loading to change the electron spin density of magnetic Coz0,. Octahedral Co**(Op)-O with
a tpe%ey” configuration transformed into Co?*(O,)-O with a tpg°e4” configuration after BCDs loading
showed excellent activity in the electrocatalytic nitrate reduction reaction, achieving a maximum NH,*
Faradaic efficiency of 94.6 + 0.9% and high stability. Experimental results and theoretical calculations have
found that high activity is attributed to the spin density regulation changing the rate-determining step and
reducing the energy it needs to overcome. This work expands the spin density regulation methods and
provides a new perspective for understanding the mechanisms of carbon dot materials in electrocatalytic

rsc.li/frontiers-inorganic reactions.

1. Introduction

In electrocatalytic reactions, changes in the electron spin can
affect the chemical properties and reactivity of surface atoms
or molecules on the catalyst, thereby affecting the rate and
selectivity of the reaction.™” For example, on the metal surface,
the change of electron spin will affect the electron cloud
density and binding energy of surface atoms, thus affecting
the interaction and reactivity between atoms and reactants.’
Secondly, the electron spin effect has an important impact on
the reaction mechanism and reaction kinetics of catalysts. For
example, in some catalytic reactions, electron spin can affect
the generation and conversion of reaction intermediates,
thereby affecting the rate and selectivity of the reaction.* At the
same time, electron spin can also affect the stability and acti-
vation energy of the transition state of the reaction, thus
affecting the dynamic characteristics and thermodynamic
stability of the reaction.” Overall, there is a close relationship
between electron spin and surface catalysis. By controlling the
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electron spin state on the catalyst surface, the reaction activity,
rate, and selectivity of surface reactions can be regulated, pro-
viding new ideas and methods for preparing efficient and
highly selective electrocatalysts.®”

Researchers have proposed some electron spin regulation
strategies, which can achieve high efficiency and selectivity of
the catalyst by adjusting the state of electron spin in the
catalyst.>'® One strategy is to regulate electron spin through
external electromagnetic fields."' Researchers used external
magnetic fields to regulate the state of electron spin in the
catalyst, thereby controlling the catalytic efficiency and selecti-
vity of the catalyst.'> Another strategy is to achieve the regu-
lation of electron spin through metal doping or alloying.'? In
this strategy, researchers doped other metal or semiconductor
materials into the catalyst, thereby changing the state of elec-
tron spin in the catalyst and achieving the regulation of cata-
lytic efficiency and selectivity."* These electron spin control
strategies can effectively influence the properties of catalysts
and improve the performance in applications."®

Herein, we reported the discovery of a new method for alter-
ing the electron spin density using non-metallic composites.
Spin density modulation of Co-based spinel oxide (Co30,) can
be achieved by loading B-doped carbon dots (BCDs), that is
octahedral Co®'(0p)-O with a t,,’e,’ electron configuration
will be transformed into Co®’(0,)-O with a high spin t,,’e,”
configuration. The spin density-regulated BCDs/C03;0,/CC
catalyst exhibited excellent activity in the electrocatalytic
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nitrate reduction reaction (NO;RR) for ammonia synthesis,'®"”
achieving a maximum NH," Faradaic efficiency (FE) of 94.6 +
0.9% at —1.3 V vs. SCE and high stability. This work demon-
strates the feasibility of adjusting the spin density using BCDs,
displaying the ability of carbon dots to change the catalytic
performance by affecting metal spin states and providing new
strategies for expanding the application and universality of
carbon dot materials.

2. Results and discussion
2.1. Morphology and structural characterization

Before preparing the precursor catalyst, BCDs were synthesized
from CgHoBCINO, using a hydrothermal method.'® The
detailed synthesis steps are described in the ESI.t To verify the
successful preparation of BCDs, we performed transmission
electron microscopy (TEM) characterization. The TEM mor-
phological image in Fig. S1 shows that BCDs have a typical
shape of quantum dots with an average diameter of around
4.1 nm. X-ray diffraction (XRD) measurements in Fig. S21 dis-
plays an obvious broad diffraction peak centered at 22.8°,
which corresponds to the (100) crystal plane of graphitized
carbon in BCDs.' Various related functional groups (C-C,
C=C, C-N, B-O, and O-H) on the surface of BCDs were
detected using Fourier transform infrared spectroscopy (FT-IR,
Fig. S31).*° Additionally, X-ray photoelectron spectroscopy
(XPS) was used to further understand the chemical structure
and elemental composition of BCDs. As shown in Fig. S4,} the
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survey spectrum displayed that the BCDs were mainly com-
posed of C, N, O and B. In the high resolution C 1s, N 1s, O 1s
and B 1s spectra, the assignment of different functional
groups corresponds well with the FT-IR results.”' Based on the
above results, we can confirm the successful preparation of
BCDs.

The heterostructured BCDs/Co;0,/CC electrocatalyst was
prepared by a two-step process as illustrated in Fig. 1a. First,
a precursor catalyst BCDs/Co(OH),/CC supported on carbon
cloth was synthesized through a hydrothermal method. The
scanning electron microscopy (SEM) image in Fig. 1b shows
the morphology of nanowires grown on carbon cloth fibers.
Then, the as-prepared precursor catalyst was annealed at
450 °C for 6 h under an Ar atmosphere to obtain the BCDs/
Co30,4/CC electrocatalyst. The SEM image of BCDs/Co3;0,/CC
in Fig. 1c still displays the morphology of nanowires without
significant surface changes, which is similar to the changes
in the control sample of C03;0,/CC (Fig. S5t). In order to
further analyze the surface morphology and structure of
BCDs/Co;0,/CC, we conducted TEM characterization. As
shown in Fig. 1d, the primary structure of the nanowire mor-
phology is nanoparticles with a diameter of 50-100 nm,
which is connected one by one. Such a morphology is condu-
cive to exposing more active sites than smooth nanowires.
The high-resolution TEM (HRTEM) image shows that the
sample has two distinct regions (Fig. 1le). One is the inner
region with a highly crystalline lattice. The lattice spacing is
0.24 nm, corresponding to the (311) crystal plane of
C0304.%** The other region is a carbonized surface layer,

BCDs/Co0,0,/CC

Annealing

450°C, 2h

Fig. 1 Synthesis and characterization of BCDs/Co30,4/CC. (a) Schematic illustration of the synthesis of BCDs/Co30,4/CC. (b) SEM image of the pre-
cursor catalyst. (c—e) SEM, TEM and HRTEM images of BCDs/Co30,4/CC. (f) Element mapping images of BCDs/Coz0,4/CC.
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which is formed by the BCDs at high annealing tempera-
tures. In addition, we analyzed the composition and distri-
bution of elements in the sample, and the results shows that
Co, O, C, and B were evenly distributed on the catalyst
(Fig. 1f).

As a comparison, we also prepared Coz;0,/CC using the
same method without adding BCDs as a reactant. The XRD
patterns of BCDs/Co3;0,/CC, Co3;0,/CC and CC are shown in
Fig. S6a.t The diffraction peaks centered at 31.3, 36.9, 59.5
and 65.3° correspond to the Coz;O, phase (JCPDS No. 73-
1701),>* while the diffraction peak of graphitized carbon in the
BCDs is covered by the broad diffraction peak of carbon cloth
in the range of 20-30°. Raman tests were also used to analyze
the structure of the three samples (Fig. S6bt). CC showed
characteristic D and G peak signals at 1355 and 1601 cm™,
respectively. After loading Coz;O, on CC, additional signals
caused by Co;0, appear in the region of 400-700 cm™'.>°
Furthermore, XPS was used to analyze the element compo-
sition and surface chemical states of the catalyst. The survey
spectrum of BCDs/Co3;0,/CC shows the presence of Co, C, O,
and B in the catalyst (Fig. S71). The high-resolution Co 2p XPS
spectra of BCDs/Co;0,/CC and Co3;0,/CC in Fig. 2a show two
main peaks (denoted by grey) at 781.6 and 797.1 eV, which
could be ascribed to the Co 2p;, and Co 2p,, of Co>*
species.”® The other two peaks denoted by red can be attribu-
ted to Co®" species. In addition, the shake-up process of Co**
species in high spin states leads to the appearance of two adja-
cent satellite peaks centered at 787.4 and 802.9 eV."* The pro-
portion of Co®" and Co** species in C0;0,/CC was calculated
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to be 62.1% and 37.9% (Fig. 2b), respectively, while this pro-
portion changed to 34.4% and 65.6% in BCDs/Coz;0,/CC
(Fig. 2¢). This result indicates an increased proportion of Co>*
species as a function of BCDs loading. In addition, the O 1s
XPS spectra display peaks at 533.1, 530.9 and 529.3 eV due to
C=O0 species, surface -OH groups and the lattice oxygen of
Co-0 in Co;0,, respectively (Fig. 2d).>” Notably, the character-
istic peak of B-O centered at 531.8 eV in BCDs/Co30,/CC can
be observed, further indicating the successful loading of
BCDs. Moreover, the B 1s XPS spectrum of BCDs/Co;0,/CC
also confirm the above results (Fig. 2e).”®

On the basis of the above analysis, the valence electron con-
figurations of Co with and without BCDs in Co;0, are identi-
fied. Typically, as illustrated in Fig. 2f, Co;0, has two types of
Co-O species, that is, octahedral Co**(0y,)-O coordinated by
six oxygen atoms (denoted by grey) and tetrahedral Co®(T4)-O
coordinated by four oxygen atoms (denoted by purple).>® The
theoretical proportion of Co** in Co;0, inferred from the
above crystal structure is 33.3%, which is close to the Co®" pro-
portion of 37.9% in Coz;0,/CC. However, this proportion
underwent a significant change to 65.6% after the loading of
BCDs, indicating that the BCDs can act as an electron bridge
to accelerate electron transfer from BCDs to Co**(Oy,), forming
the Co>*(Oy,) species. The valence electron configuration of
Co’’(Oy) in Co;304/CC s t,°e,’, while Co**(Op,) in BCDs/C030,/
CC possesses a t,,°e,” configuration with three unpaired elec-
trons, as illustrated in Fig. 2g.%° Specifically, the n-symmetry
tag Of Co**(Oy,) is fully occupied, which would result in electron
repulsion between Co®" and the reactant.” As for the unpaired
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Fig. 2 Surface property characterization. (a) XPS spectra of the Co 2p region of the Co30,/CC and BCDs/Co304/CC. (b and c) Calculated ratio of
Co®* and Co?* in Co304/CC and BCDs/Cos04/CC, respectively. (d) O 1s region of Coz04/CC and BCDs/Coz04/CC. (e) B 1s region of BCDs/Coz0.,/
CC. (f) Crystal structure of Coz04. (g) Scheme of the valence electron configurations and spin states of octahedral Co influenced by the BCDs.
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electron in Co>’(Oy), n-donation via O-Co-O would be
strengthened by BCDs loading. In summary, the BCDs can
alter the electronic structure of Co3;O, and regulate the spin
state of Co®*(Oy,) to active Co®*(Oy,) species.

2.2. Electrocatalytic performances

The spin density-regulated BCDs/Co;0,/CC electrocatalyst was
applied for nitrate reduction reaction measurements. We used
a typical H-type three electrode reactor for performance
testing, where 50 mL of 0.5 M K,SO, and 0.5 M K,SO, +
200 ppm NO; -N electrolyte were added to the anode and
cathode chambers, respectively.*’* As shown in Fig. 3a, there
is no significant difference between the linear sweep voltam-
metry (LSV) curves of CC before and after the addition of
nitrate, which indicates that the influence and contribution of
the substrate material to the reaction performance are basi-
cally zero. As for the BCDs/Co3;0,/CC and Co;0,/CC electroca-
talysts, the current density of the LSV curves significantly
increased after the adding of nitrate. Meanwhile, BCDs/Co30,/
CC shows a higher current density compared to Co;0,4/CC.
Additionally, the catalytic performance of BCDs/CC was also
tested (Fig. S87), and the low current density indicated that the
activity of single-component BCDs was weak in electrocatalytic
nitrate-to-ammonia conversion. The above results revealed that
nitrate participates in the reaction and the spin density of
Coz0, regulated by BCDs effectively improves the performance
of the reaction.®® Then, we tested nitrate reduction at fixed
potentials, and measured the concentration of each ion in the
electrolyte after the reaction using ion chromatography (IC,
Fig. $9-5111).>>° As displayed in Fig. 3b, with the increase of
applied potentials, the FE of NH," exhibits a volcanic trend of
first increasing and then decreasing, and can reach a
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maximum FE of 94.6 + 0.9% at —1.3 V vs. SCE. Furthermore,
the NH," generation rate gradually increases with the lowering
of potentials, reaching 193.3 pmol h™" em™? at —1.4 V vs. SCE
(Fig. 3c).

In order to determine whether the spin density-regulated
BCDs/Co030,4/CC electrocatalyst can work effectively for a long
time, we conducted stability tests at —1.3 V vs. SCE.>” As
shown in Fig. 3d and e, under four consecutive cyclic tests, the
FE of NH,' and the current density remained basically
unchanged, indicating that the BCDs/Co;0,/CC electrocatalyst
can maintain good stability during the electrocatalytic process.
In addition, to confirm that the ammonia generated during
the reaction process comes from the reduction of nitrate, we
used isotope labeling experiments to detect the source of nitro-
gen in the ammonia.*®*™*° Under the same reaction conditions,
'>NO;~ was used to replace the original "*NO;~ as the reactant,
and the ammonia was generated by a continuous reaction at
—1.3 V vs. SCE. When *NO;~ was used, the 'H nuclear mag-
netic resonance (NMR, 600 MHz) spectrum showed a typical
triple peaks for "NH,". When ">NO;~ was used, the "H NMR
spectrum displayed a double peaks for °NH," (Fig. 3f).*!
Therefore, we determined that the NH," obtained by the reac-
tion was reduced from the added NO;™, excluding the inter-
ference of the reaction system or other nitrogen-containing
compounds.

2.3. Density functional theory (DFT) calculations

DFT calculations were utilized to further understand the
activity of BCDs/Co3;04/CC for the electrocatalytic NO;RR.*?
First, we calculated the direction and amount of charge trans-
fer on the composite catalyst using Bader charge analysis. As
shown in Fig. 4a, the B atoms will transfer 1.76 and 1.82 elec-
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Fig. 3 Electrocatalytic nitrate reduction performances. (a) LSV curves of BCDs/C03z0,4/CC, Co3z04/CC, and CC. (b and c) NH4* FEs and NH,™ yield
rates of BCDs/Co30,4/CC at different applied potentials. (d and e) Stability test (repeated for four times) and the corresponding NH,* FEs of BCDs/
C0304/CC at a potential of —1.3 V vs. SCE. (f) *H NMR spectra of electrocatalytic nitrate-to-ammonia conversion on BCDs/Co304/CC at —1.3 V vs.

SCE by using **NO3~ and ®NO;" as the nitrogen source.
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Fig. 4 Mechanism investigation. (a) Charge density difference and Bader charge of BCDs/Co30,. The yellow and blue electronic clouds indicate
charge accumulation and depletion. (b) The adsorption energy for NOs~ and H* on Coz0,4 and BCDs/Co30,. Insets show the charge-density differ-
ence for NOz~ adsorption. (c) Free-energy diagrams of nitrate reduction to ammonia on the surface of Coz04 and BCDs/CozQ,. Insets show the

optimized configurations for adsorbates on the surface of BCDs/Co304,.

trons to the adjacent metal Co on the BCDs/Co3;0,/CC catalyst.
Therefore, BCDs can serve as a bridge for electron transfer
from B atoms to the octahedral Co*(0Oy), forming
active high-spin Co®'(0y) with a t,’e,” configuration."’
Furthermore, thecompetitive hydrogen evolution reaction is
the main reason for the decrease in the FE of ammonia in
the electrocatalytic NO;RR.** Therefore, we also calculated
the adsorption energy for the interaction between nitrate
and H' on the catalyst surface. As displayed in Fig. 4b, the
adsorption energies for nitrate on BCDs/Co;0,/CC and
Co30,/CC are 3.00 and 2.47 eV, respectively, indicating that
BCDs/Co30,/CC has a stronger adsorption effect on nitrate.
This is beneficial for the adsorption and occupation of
nitrate on the catalyst surface and improves the catalytic
reaction performance. Meanwhile, the adsorption energies
for H" on BCDs/C050,/CC and Co;0,/CC were 0.32 and 0.19
eV, respectively, much lower than the adsorption energies of
nitrate. This indicates that the hydrogen evolution reaction
can be effectively suppressed on the surfaces of these two
catalysts, which is consistent with the high FE of the test
results.

Based on our experimental testing and computational find-
ings, we have deduced a possible reaction pathway for nitrate
reduction to generate ammonia (Fig. 4c).”> The most favorable

This journal is © the Partner Organisations 2023

pathway is as follows:

* * HT a * HY -
No,~ - uNO;, T Noj S

+ - + - + -
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For the Co3;0,/CC catalyst without spin regulation, the rate-
determining step of the reaction is the conversion of NO* to
NOH*, while for the BCDs/Co3;0,/CC catalyst with spin regu-
lation, the rate-determining step of the reaction is the hydro-
genation of NOz*. Therefore, for BCDs/Co;0,/CC, the rate-
determining step has changed and the energy to be overcome
in this step has also decreased, resulting in a significantly
improved electrocatalytic performance.

3. Conclusion

In summary, we report a method of using BCDs loading to
alter the electron spin density of magnetic metal oxides.
Octahedral Co®(0,)-O with a t,,°e,” electronic configuration
transforms into octahedral Co®'(0,)-O with a t,,°e,” configur-
ation after BCDs loading. The BCDs/Co30,/CC catalyst with
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spin density regulation showed excellent activity in the electro-
catalytic NO;RR for ammonia synthesis, achieving a maximum
NH,' FE of 94.6 + 0.9% and high stability at —1.3 V vs. SCE.
The high activity is attributed to the spin density regulation
changing the rate-determining step and reducing the energy it
needs to overcome. This work expands the methods of spin
density regulation and provides a new perspective on the
mechanism of carbon dot materials in catalytic reactions.
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