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ABSTRACT: Rationally tuning the local structures of single-
atomic active sites for the electrocatalytic N, reduction reaction
(NRR) remains an urgent but worthwhile research topic. Herein,
we accomplish the local modulation of single-atomic Mn sites and
construct single Mn—O;N, sites anchored on porous carbon
(Mn—O;N,/PC) by delicately controlling the Mn—O bonding
conditions. The constructed structures are confirmed via the
combination of atomic-scale imaging, Raman spectroscopy,
synchrotron radiation-based soft and hard X-ray absorption
spectroscopies, and X-ray photoelectron spectroscopy. The Mn—
O5N,/PC catalyst yields an NHj, yield rate of 66.41 ug h™' mg,,, ™
(corresponding to 1.56 mg h™' mgy,™") at —0.35 V versus
reversible hydrogen electrode, which is about four times that on
the control Mn—N,/PC catalyst. The enhanced NRR performance is ascribed to its unique geometry and electronic structures,
which not only facilitate the adsorption and activation of the N, molecule but also lower the free energy change of the potential-
determining step.

KEYWORDS: ammonia electrosynthesis, local modulation, single-atom catalyst, Mn sites, ambient condition, N, reduction reaction

H INTRODUCTION enhanced NRR performance, which, however, has not been

Electrocatalvtic N. reducti tion (NRR), bei d explored before.

anilc ra(:ri?aiilz:lcprozcer:s uviii;)lnlzevtc ::;réy cot)lsur;l;tgioilgeils] z Previous studies have indicated that Mn—O sites have a
)

promising alternative to the energy- and resource-intensive capability of cataly.zmg NRR becaus.e of the proper ‘energy and
Haber—Bosch process for industrial-scale NH; production.' symmetry 3d orblFals' of Mn, which are z?gl eficial .fc?r the
Single-atom catalysts (SACs) with the lowest site size, nearly adsorptl(.)n and activation of N, molecules.” -Ir617agd1t10n to
100% atomic efficiency, and unique low-coordinated features our previous study about NRR anc'l SAC catalysg Cwe h'ave
are expected to have great potential to improve the NRR ratlonal_ly modl'llated the locallenwronments of single Mn sites
performance, as confirmed by recent studies (such as Ru,*’ and built atomic Mn—Ole sites anchored. on porous carbo.n
Mo, Fe, ' Au'' Cu,'* Y,"> Sc,'* and B'* SACs). (Mn—O;3N;/PC) by delicately controlling the pyrolysis
temperature of the Mn—O fragments. Mn—O;N,/PC and its
control sample (single Mn—N, sites anchored on porous
carbon, namely Mn—N,/PC) were synthesized by a dis-
solution-and-carbonization method. In the synthesis of Mn—
O;N,/PC, the Mn precursors were efficiently embedded into
the glucose backbones during the dissolution, which ensured a

Particularly, coordination environments of metal atoms in
SACs have a great influence on their electronic structures and
subsequently affect their catalytic activity.'”~>° For example,
Pan et al. found single Fe atoms anchored by four coordinating
N atoms exhibit the highest benzene oxidation reaction
performance while the activity decreases gradually upon
replacing the coordinated N atoms.'” Yin and coworkers

constructed two Pt SACs of a four-coordinated C,—Pt—Cl, Received: September 18, 2020
species and a five-coordinated C,—Pt—Cl, species on graph- Revised: ~ November 2, 2020
diyne, and found that the former configuration has much Published: December 24, 2020

higher catalytic activity than the later one for the hydrogen
evolution reaction.’® These pioneering research inspire us to
modulate the local environment of metal sites in SACs for

© 2020 American Chemical Society https://dx.doi.org/10.1021/acscatal.0c04102
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Figure 1. Structural characterization of Mn—O;N;/PC. (a) Low-magnification HAADF-STEM image. (b) HAADF-STEM image and
corresponding STEM—EDS elemental maps of Mn, O, and N. (c) Atomic-resolution HAADF-STEM image, in which some of the single-atomic
sites are highlighted by red circles. (d) EELS spectra in areas A with Mn atoms and B without Mn ones. (e) Raman spectra of Mn—O;N,/PC and
PC. (f) N, physisorption isotherm. The inset is the corresponding pore size distribution. (g) Mn L-edge TEY and PFY spectra of Mn—O;N,/PC
and the reference spectrum of MnO. (h) Normalized XANES spectra at the Mn K-edge of Mn foil, MnO, Mn,03, MnO,, and Mn—O;N,/PC. (i)
FT-EXAFS spectra of Mn foil, Mn—O;N,/PC, and the curve fitting with the Mn—O;N, /graphene. The inset is the corresponding atomic model.

homogeneous distribution of the Mn centers in the subsequent
carbonization.”*** Subsequently, the carbon from carbon-
ization of the glucose was etched by NH; produced via the
decomposition of hydroxylamine hydrochloride precursor to
form N-doped 3-dimensional (3D) PC frameworks.”® Finally,
the single Mn atoms were anchored on the 3D frameworks
through Mn—O—-C and Mn—N-C bondings at 700 °C
because of a stron% metal-N/O binding effect, resulting in
Mn—O;N,/PC.*”"* Because the O atoms on the carbon
substrate are more vulnerable to be replaced by N atoms at an
elevated temperature,”*”*" Mn—N, single sites tend to be
generated at a higher temperature by the substitution of O with
N atoms. Therefore, for comparison, Mn—N,/PC was
prepared under conditions similar to Mn—O3;N,;/PC except
that the pyrolysis temperature was set at 900 °C.

B RESULTS AND DISCUSSION

The obtained Mn—O;N,/PC can be directly observed using a
scanning electron microscope and a transmission electron
microscope. Figures la and Slab present its feature of
interconnected carbon frameworks with a randomly opened
porous structure. Furthermore, elemental maps acquired using
energy-dispersive X-ray spectroscopy (EDS) shown in Figures

1b and Slc manifest the homogenous distribution of Mn, O,
N, and C over the entire architectures. The high-resolution
TEM image, selected area electron diffraction pattern, and X-
ray diffraction pattern in Figure S1d—f demonstrate the
amorphousness of Mn—O;N,/PC, indicating no Mn-related
crystals existing in the sample. Atomic-resolution aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images in Figures lc
and S2 display many isolated bright dots with an average size
of 0.18 + 0.05 nm (Figure S3), distributed on the carbon
matrix. The dots are identified by electron energy-loss
spectroscopy (EELS) analysis to be Mn atoms (Figure 1d).
The Raman peak at 647 cm™ in Figure le is assigned to the
Mn—O vibration,*” suggesting binding of the Mn to O. The N,
physisorption isotherm and pore size distribution in Figure 1f
demonstrate its high specific area of 293.67 m* g~ and
mesopore structure, which are beneficial to exposure of the
isolated Mn sites and the mass transport of electrolytes during
electrolysis.*

Synchrotron radiation-based soft and hard X-ray absorption
spectroscopies (XAS) were employed to study the oxidation
state and local structure of Mn in Mn—O;N,/PC. Figure 1g
shows that Mn L-edge soft XAS in the total electron yield
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Table 1. Best-Fit Structural Parameters Derived from the Analyses of the Mn K-Edge XANES Spectrum of Mn—O;N,/PC*

structure bond-type R _XANES (A) R DFT (A) D Ry

Mn—-O;N,; Mn—N 2.13 1.98 2.034 0.0109
Mn—0O 228, 2.29, 2.29 212, 2.13, 2.13

Mn—-O,N; Mn—N 2.13,2.13 1.87, 1.87 2.569 0.0147
Mn—0 226,226 1.98, 1.98

Mn—O,N7 Mn—N 2.15, 2.18 1.89, 1.89 2.500 0.0143
Mn—-O 223,223 1.96, 1.96

Mn—-O,N7’ Mn—N 2.28,2.28 2.00, 2.00 2.618 0.0150
Mn-0O 2.41, 2.41 211, 2.11

Mn—O,N; Mn—N 2.14, 2.17, 2.20 1.88, 1.90, 1.93 2618 0.0150
Mn-O 2.26 1.98

Mn-0O, Mn—-O 2.64, 2.64, 2.64, 2.64 2.38, 2.38, 2.38, 2.38 2413 0.0138

Mn-0;C, Mn—-C 2.16 1.96 2.798 0.0162
Mn—0 2.34, 2.40, 2.40 213, 2.18, 2.18

Mn—-0,C;j Mn—-C 2.05, 2.05 1.86, 1.86 4.162 0.0339
Mn-O 2.26, 2.26 2.05, 2.08

Mn-0,Cj Mn—-C 2.15, 2.15 1.89, 1.89 3.021 0.0191
Mn—-O 2.28,2.28 2.00, 2.00

Mn-0,C} Mn—-C 2.10, 2.10 191, 191 3.559 0.0263
Mn—0 2.16, 2.16 1.96, 1.96

Mn—0,C, Mn—C 2.18, 2,19, 2.27 191, 1.92, 1.99 3211 0.0205
Mn—-O 2.39 2.10

“The models of Mn—O,N, and Mn—O,C, structures for the fit were generated after energy optimization. Note: R_XANES is the fitted bond length

from XANES calculations; R_DFT is the calculated bond length from the DFT results; D and R

4 are the total metric distance and square residue

function, which represent the agreement between the XANES calculations and experimental spectrum (the smaller, the better).
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Figure 2. Structural characterization of Mn—N,/PC. (a) O 1s and (b) Mn 2p spectra of Mn—O;N,/PC and Mn—N,/PC. (c¢) HAADF-STEM
image and the corresponding STEM—EDS elemental maps of Mn, N, and C. (d) Atomic-resolution HAADF-STEM image of Mn—N,/PC. (e)
Comparison between the experimental Mn K-edge XANES spectrum of Mn—N,/PC and the theoretical one calculated based on the model of
Mn—N,/graphene, which was generated after energy optimization. (f) FT-EXAFS spectrum of Mn—N,/PC and curve fitting with the Mn—N,/

graphene model. The inset is the corresponding atomic model.

(TEY) mode is similar to the one in the partial fluorescence
yield (PFY) mode, indicating the uniform distribution of Mn
on the surface and in the bulk of Mn—O;N,;/PC because
signals within 5—10 nm thickness of the sample surface and up
to 100 nm thickness of bulk are detected in TEY and PFY
modes, respectively.””*® The comparison of the Mn L-edge
spectra of Mn—O;N,/PC and MnO reference suggests that the
oxidation state of Mn in Mn—O;N,/PC is +2. This result is
further confirmed by the comparison of Mn K-edge X-ray

absorption near-edge structure (XANES) spectra of Mn foil,
MnO, Mn,03, MnO,, and Mn—O;N,/PC (Figure 1h), where
the pre-edge for Mn—O;N,/PC is close to that for MnO.
The Fourier transform (FT) k*-weighted EXAFS spectra in
Figure 1i show that, for Mn—O;N,/PC, only a primary peak at
1.76 A can be observed, without the signal of the Mn—Mn
shell (compared with Mn foil), which further proves that the
Mn atoms are isolated from each other. EXAFS fitting analysis
indicates four-coordinate Mn centers in Mn—O;N,/PC, that

https://dx.doi.org/10.1021/acscatal.0c04102
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Figure 3. NRR electrochemical performances of Mn—O3N,/PC and Mn—N,/PC in 0.1 M HCL (a) Linear sweep voltammetric curves of Mn—
O;N,/PC and Mn—N,/PC in Ar- (red line) and N,-saturated (blue line) HCI solutions, in which j denotes the current density. (b) UV—vis
absorption spectra of electrolytes stained with an indophenol blue indicator after NRR on Mn—O3N,/PC, carbon paper, Ar control experiment,
and under open circuit conditions at —0.35 V. (c) 'H NMR spectra of 0.1 M HCl solutions after 2 h electrochemical reduction in 0.1 M HCI at
—0.35 V using Ar (in black), "N, (in blue), and '*N, (in red) as the feeding gases. (d) NH, yield rates and (e) FEs of Mn—O;N,/PC and Mn—
N,/PC at each given potential. (f) FE (black) and chronoamperometric curve (blue) stabilities of Mn—O;N,/PC.

is, Mn—X, (X = C, N, and O), whereas it is difficult to discern
C, N, and O coordinates by the fitting. To further identify the
local structure of Mn—O;N,;/PC, XANES simulations with
high sensitivity to the 3D atom arrangement have been
performed with various theoretically optimized models of
Mn—O,N, and Mn—0,C, (x + y = 4) structures based on the
results of four-coordinate Mn centers from EXAFS fitting in
Figure 1i and Mn—O bonding from Raman analysis in Figure
le. It turns out that, among all the structural models, the Mn—
O;N; one has the best agreement with the experimental
spectra because it has been demonstrated to have the best fit at
XANES fitting and the smallest deviation from density
functional theory (DFT) results (Table 1 and Figure S4).
Furthermore, we fit the EXAFS spectrum of Mn—O;N,/PC
with the Mn—O;N; model. The fitting result shows that the
simulated EXAFS spectrum is nearly identical to the
experimental one (Figure 1i and Table S1).

X-ray photoelectron spectroscopy was used to explore
electronic structures of Mn—O;N,/PC and its control sample
(Mn—N,/PC). Compared with Mn—O;N, /PC, the amount of
O in Mn—N,/PC decreases sharply (Figure 2a), while the
amount of Mn is almost kept (Figure 2b). Additionally, the
Mn—O Raman peak at —647 cm™' is absent (Figure SSa).
These results indicate that the local environment of Mn is
changing during heating from 700 to 900 °C. Further
characterization of Mn—N,/PC demonstrates its hierarchically
porous structure with atomically dispersed Mn distribution on
N-doped carbon (Figures SSb,c and 2c,d). Mn loading in Mn—
N,/PC measured by inductively coupled plasma atomic
emission spectroscopy analysis is 4.35 wt %, close to the one
(3.85 wt %) in Mn—O;N,/PC, while the specific area (542.92
m* g™') of Mn—N,/PC is around twice that of the Mn—O;N,/
PC (293.67 m* g') (Figure S5d). XANES and EXAFS fitting
results in Figure 2e,f and Table S1 suggest that the single Mn
atoms coordinate with four N atoms on the carbon substrate.
The identification of the isolated Mn—O;N; and Mn—N, sites
above confirms the realization of local modulation of single-
atomic Mn sites.

512

The NRR tests were performed on Mn—O;N,;/PC and
Mn—N,/PC. Before each NRR test, N, (**N, or '°N,) and Ar
gases used in the experiment were purified by 2 M NaOH, 0.1
M FeSO,, and 5 mM H,SO, solutions to exclude the possible
interferences of NH; and NO, in the feeding gases.36 The
current density enhancement under N, over the ones under Ar
indicates that both Mn—O;N,/PC and Mn—N,/PC are active
for NRR catalysis (Figure 3a). The concentration of produced
NH; was estimated by the widely adopted method of
indophenol blue.”” After electrolysis in N,-saturated 0.1 M
HCI solution at —0.35 V versus reversible hydrogen electrode
(vs RHE; all potentials below are vs RHE unless stated), the
corresponding ultraviolet—visible (UV—vis) absorption spec-
trum (Figure 3b, red curve) shows distinctive absorption at
657 nm on Mn—O;N,;/PC, concretely confirming the
occurrence of the NRR process on Mn—O;N,/PC. Impor-
tantly, controlled experiments and isotope measurements were
performed to exclude contamination from exotic NH;
according to the reported rigorous protocol.36 First, when
the NRR experiment was performed by feeding Ar while
keeping other reaction parameters unchanged, no NH; was
detected (Figures 3b and S6). We conducted the same NRR
experiment solely on carbon paper, where no NH; was
produced. Similarly, when we placed the catalyst in the N,-
saturated electrolyte for 2 h without electrolysis (i.e., open
circuit), no NH; was measured. Furthermore, a N isotopic
labeling experiment has been performed to verify the nitrogen
source of the produced NH; (Figure 3c). The 'H nuclear
magnetic resonance (‘H NMR) spectra show a triplet coupling
for ""NH," and a double coupling for "*'NH,", indicating that
the detected NHj is exclusively produced from the reduction
of the introduced N,.

The NRR activity of Mn—O;N,/PC is compared with that
of Mn—N,/PC. Their dependence of faradaic efliciencies
(FEs) and NH, yield rates on given applied potentials is shown
in Figure 3d,e, respectively. It can be seen that the maximum
FE of 8.91 + 0.82% with a remarkable yield rate of 66.41 +
4.05 pug h™" mg.,. "' (corresponding to 1.56 mg h™" mgy,™")
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Figure 4. DFT calculation results of Mn—O;N; and Mn—N,. (a) Optimized geometries of Mn—O;N,/graphene (top) and Mn—N,/graphene
(bottom). (b) Contour plots of the charge density difference of N, adsorbed at the top site on Mn—O;N/graphene (top) and Mn—N,/graphene
(bottom). The light yellow- and blue-shaded regions indicate the electron accumulation and depletion, respectively. (c) Charge transfer determined
by the Bader charge analysis between Mn—O;N,/graphene or Mn—N,/graphene, adsorbed intermediate of *N,, and substrate of PC. (d) Free
energy diagram of the electrochemical NRR via an associative distal pathway on the Mn—O;N/graphene and the Mn—N,/graphene, together with
the corresponding geometries of the reaction intermediates, respectively. The white, gray, blue, red, and purple spheres represent H, C, N, O, and
Mn atoms, respectively. Each asterisk (*) represents an adsorbed reactive intermediate on an active site or a vacant active site.

for NHj; is achieved at —0.35 V on Mn—O;N,/PC. Besides, no
N,H, is detected as a byproduct (Figure S7). By contrast, the
FE and yield rate of Mn—N,/PC with a similar Mn loading yet
a higher specific area are 6.89 + 0.62% and 17.13 + 2.01 ug
h™' mg..~" (corresponding to 0.39 mg h™" mgy, ") at —0.35
V, respectively, less than those of Mn—O;N,/PC. Besides, the
PC substrate has a low maximum NH; yield rate and FEs of
3.64 + 0.5% and 5.92 + 0.81 ug h™' mg., ' (Figure S8).
These results demonstrate that the Mn—O;N; site is more
active than the Mn—N, one for NRR to NH;. Moreover, the
NRR current density and the FE remained essentially stable
during 60 h electrolysis at —0.35 V (Figure 3f). The
characterization of Mn—O;N,/PC after the electrolysis in
Figures S9 and S10 demonstrates the good stability of the
single Mn sites during the NRR test, which agrees well with its
robust catalytic property for NRR.

To further elucidate the intrinsic reason for the superior
catalytic activity of the Mn—O;N;, site over the Mn—N, one
for NH; production, DFT calculations were performed to first
study the adsorption of N, on both Mn—O;N,/graphene and
Mn—N,/graphene. It is revealed that Mn—O;N; exhibits
significantly stronger binding (—0.83 eV) with N, than Mn—
N, (0.09 eV). The higher binding strength between Mn—O;N;
and N, can be attributed to combinatory effects of local
binding geometry and atomic electronegativity. Examining the
local binding geometries of N, at Mn—O;N; and Mn—N,
(Figure 4a), we can see that the single Mn atom in Mn—O;N;
stretches outward from the plane and thus only the top site is
available for adsorption, which is in contrast with the in-plane
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structure of Mn—N, (Figure 4a). On the other hand, the larger
electronegativity of O enables more negative charges to
transfer from Mn to O, and therefore, rendering Mn in Mn—
O;N| more active in the first reaction step of the NRR process,
that is, to polarize and activate the N, molecule. Contour plots
of charge density difference of N, adsorption at Mn—O;N, and
Mn—N, (Figure 4b) clearly illustrate that charges are localized
and transferred from the positively charged Mn atom to N,,
resulting in the formation of a N—Mn bond and the notable
weakening of the N=N triple bond. However, for the case of
Mn—N,, the negative charges are shared by the anchoring
nitrogen atoms, thus lowering the localization around the Mn
atom. This is also evidenced by the Bader charge analysis,”**”
more electrons are transferred from Mn—O;N; to the
adsorbed N, molecule (0.32 e) compared with that of Mn—
N, (0.1S e), as summarized in Figure 4c.

Furthermore, DFT calculations were also performed to map
out the reaction free energy diagram of NRR over Mn—O;N,
and Mn—N, sites (see Table S2 for more details). As shown in
Figure 4d, for Mn—O;N,, the potential-determining step
(PDS) is the reductive protonation of adsorbed N, with a
AGppg of 0.87 eV without external potential, lower than the
AGpps (1.04 eV) on Mn—N, Overall, DFT calculations
suggest that the enhanced catalytic performance on Mn—O;N;
can be attributed to the synergy of enhanced N, adsorption (to
initiate the NRR process) and stabilization of *NNH (a lower
AGppg). We further note that the Mn-N,O,_./graphene
moieties (0 < x < 3) generally exhibit good performance in
catalyzing NRR, yet their effectiveness is much dependent on
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the number of coordinated O atoms, with Mn—O;N,/
graphene possessing the highest activity (see Figure S11 for
more details).

In situ attenuated total reflectance surface-enhanced infrared
absorption spectroscopy measurements were conducted to
detect possible reaction intermediates during the NRR on
Mn—O;N,/PC. As shown in Figure S12, three positive bands
at 1425, 1284, and 1118 cm™! are attributed to the N—H,*°
—NH, wagging,*' and N—N stretching*” of adsorbed N,H,
species, respectively, suggesting the formation of *N,H, (1<y
< 4) on the catalyst surface. When *N,H, is formed, there are
two possible consequent pathways. Pathway 1 involves a four-
electron transfer, where *N,H, desorbs from Mn—O;N,/PC
and enters into the solution. In contrast, pathway 2 is a six-
electron transfer process, where a pair of proton and electron is
first transferred to *N,H, and reduce it to *NH, with a release
of a free NH; molecule. Then, the formed *NH, is further
reduced to produce the second NH; molecule by adding
another pair of proton and electron. Because the hydrazine was
not detected in the products of NRR (Figure S7), it can be
deduced that the NRR proceeds in pathway 2. The
intermediates above are consistent with the ones from the
DFT calculation results on Mn—O;N; (Figure 4d).

In summary, we accomplished the local modulation of
single-atomic Mn sites by delicately regulating the breaking of
the Mn—O bond and built single Mn—O;N; sites on PC for
ambient NH; electrosynthesis. The Mn—O;N, catalyst reached
an FE of 8.91% and a fairly high NH, yield rate of 66.41 ugh™
mg.,. " (corresponding to 1.56 mg h™' mgy,,~') at —0.35 V in
0.1 M HC], superior to the control Mn—N, catalyst. Moreover,
the catalyst exhibits remarkable stability with neither obvious
current drop nor large FE fluctuation for 60 h electrolysis. DFT
calculations reveal that the enhanced catalytic performance of
Mn—O;N; can be attributed to the synergy of enhanced N,
adsorption (to initiate the NRR process) and stabilization of
*NNH (a lower AGppg). This work may inspire new
exploration and design of stable and efficient SACs with a
specific coordination environment.
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