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Heterogeneous single-atom catalysts (SACs) show maximum atom utilization efficiency and great
product selectivity in various catalytic reactions. To date, SACs have been intensively investigated
with various metal active centers, while non-metal active centers are rarely elucidated, owing to the
challenges in identifying non-metal active sites and reaction pathways. Herein, we develop a non-metal
single-atom catalyst composed of high-density, isolated phosphorus atoms anchored at the edge of
graphene as a robust electrocatalyst for the CO, reduction reaction. The CO, molecular activation and
the electrochemical CO, reduction pathways at P atomic sites are identified by combining both in situ/
ex situ experiments and quantum-chemical theoretical study. Our work not only extends the definition
of SACs to a non-metal catalytic center, but also offers unique insights into the non-metal active site
geometric and structural transformation during the CO, reduction reaction.

Heterogeneous single-atom catalysts (SACs) refer to the catalysts that contain merely atomically dispersed catalytic centers on a support. SACs, by definition,
can be categorized into metal SACs (M-SACs) and non-metal SACs (NM-SACs) based on the type of catalytic center. To date, SACs with only metal active centers
ranging from noble metals to transition and main group metals have been extensively investigated in a wide range of catalytic reactions, while non-metal active

centers in SACs are poorly elucidated, owing to the challenges in confirming the active sites and identifying the reaction intermediates and reaction

mechanisms. In this context, we developed a non-metal single-atom catalyst consisting of isolated phosphorus atoms anchored at the edge of graphene (P-SAC-
NG) as an efficient electrocatalyst for CO, reduction to CO. The CO, molecular activation and electrochemical reduction pathways at the P atomic sites at the

edge of graphene with the 2C-P—O(OH) configuration are clearly identified by in situ/ex situ experiments together with density functional theory (DFT)
calculations. Our work extends the definition of SACs to a non-metal catalytic center, and offers insights critical for the development of a family of

non-metal SACs.

Introduction

“ Department of Materials Science and Engineering, City University of Hong Kong,

Hong Kong SAR 999077, China. E-mail: junli@tsinghua.edu.cn,

bliu48@cityu.edu.hk

Heterogeneous single-atom catalysts (SACs) refer to the catalysts
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theoretically.”'® The SACs, by definition, can be categorized
into metal SACs (M-SACs) and non-metal SACs (NM-SACs)
based on the type of catalytic center. Generally speaking,
nonmetallic atom catalytic centers interact with reactant
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molecules through covalent bonds, which distinguishes them
from metallic atom catalytic centers. This difference results in
variations in the adsorption mode and adsorption strength of
reactants on the catalysts.'>'* To date, only SACs with metal
active centers ranging from noble metals to transition and
main group metals®" have been extensively investigated in a
wide range of catalytic reactions, while non-metal active centers
in SACs are poorly elucidated,""'* owing to the challenges in
confirming the active sites and identifying the reaction inter-
mediates and reaction mechanisms, which are generally inter-
fered with by the metal element(s) in the catalysts."*"’
Herein, we have developed a non-metal single-atom catalyst
consisting of isolated phosphorus atoms anchored at the edge
of graphene (P-SAC-NG) as an efficient electrocatalyst for CO,
reduction to CO. The developed phosphorus SAC has a large
surface area (1544 m”> ¢~ ') and pore volume (2.5 cc g~ ') with P
atom content as high as 2.1 at%, and exhibits outstanding CO,
reduction reaction (CO,RR) catalytic activity, reaching a specific
current density of 12mA cm™ > (geometric area) at a moderate
overpotential of 0.62V for CO conversion with 93% selectivity.
The CO, molecular activation and electrochemical reduction
pathways at P atomic sites at the edge of graphene with the 2C-
P—O0(OH) configuration are clearly identified by aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy, X-ray absorption spectroscopy and X-ray
photoelectron spectroscopy techniques. Combining in situ/
ex situ experiments together with density functional theory
(DFT) calculations, it is revealed that the electrochemical
reduction of CO, to CO at single P atomic sites starts from a

View Article Online
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structural transformation from 2C-P—O(OH) to 2C-P=—O0 via
proton coupled electron transfer, which effectively lowers the
activation energy of CO, at the P atomic sites to form the
2C-P(CO,)° =0 intermediate. Our work extends the definition
of SACs to a non-metal catalytic center, and offers insights
critical for the development of a family of non-metal SACs.

Results

Synthesis and structural characterization

The P-SAC-NG catalyst was prepared by pyrolyzing a porous
layered hierarchical precursor, which was self-assembled from
melamine and glyphosate as shown in Fig. 1(a), with a molar
ratio of 8:1, via the hydrogen bond and Cl™ ion as the linker.
Fig. S1-S4 (ESIt) describe the detailed synthesis information
of P-SAC-NG. Self-assembly of melamine and glyphosate into
a porous layered hierarchical structure before pyrolysis, is
essential to obtain the P-SAC-NG catalyst with large porosity
(Table S1, ESIT) and high content of P atoms (Table S2, ESIt).
Both scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) (Fig. 1(b), (c) and Fig. S5, S6, ESIT)
images reveal a 3D interconnected architecture built from
two-dimensional (2D) porous graphene nanosheets, which is
further confirmed by atomic force microscopy (AFM) measure-
ments (Fig. 1(d)).

Fig. 2(a) compares the XRD patterns of the P-SAC-NG and
N-doped graphene (denoted as NG) that was prepared by
pyrolyzing a mixture of melamine and r-alanine, in which only

= e
’:'f;‘;r‘c;.—/’f]i; <

b BE U e

Fig. 1 Preparation and structural characterization of P-SAC-NG. (a) Schematic illustration showing the preparation process of P-SAC-NG. (b) SEM,
(c) dark-field TEM and (d) AFM images of P-SAC-NG, scale bars: 1 pm, 100 nm and 1 um for the SEM, TEM and AFM images, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of single P atoms dispersed on graphene. (a) X-ray diffraction patterns of P-SAC-NG and NG. The JCPDS #41-1487 profile of
graphite (red) is displayed for reference. (b) HR-TEM and (c), (d) HAADF-STEM images of P-SAC-NG. Scale bars in b, c and d are 5, 5 and 2 nm,
respectively. (e) EELS spectrum of P-SAC-NG. Inset shows the EELS signal of P for P-SAC-NG. (f) Nitrogen adsorption isotherms of P-SAC-NG and NG
measured at 77 K. Inset displays the pore size distribution of P-SAC-NG and NG.

(002) and (100) carbon diffraction peaks are observable.
A similar (100) peak at 43.9° indicates a similar structure in
the carbon plane, while the broadened and weakened (002)
peak of P-SAC-NG suggests a lower degree of crystallization,
which is further confirmed by a higher I,/I; ratio in the Raman
spectrum of P-SAC-NG (Fig. S7, I, and I; are intensities of the
Raman D and G band, respectively, ESIT). The interplanar
spacing, determined by the (002) diffraction for P-SAC-NG
and NG, is 0.356 and 0.337 nm, respectively, and both are
larger than that for graphite (0.335 nm), agreeing well with the
HRTEM results (Fig. S8 and S9, ESI), which can be ascribed to
the larger size of P and N atoms in comparison to C atoms
(covalent atomic radius: 106 pm for P, 75 pm for N, and 73 pm
for C(sp’)). The elemental mapping images show uniform
distributions of C, N, O, and P in P-SAC-NG and C, N, and O
in NG (Fig. S10 and S9, ESIf). As shown in the HRTEM image in
Fig. 2(b) (more images can be found in Fig. S8, ESIT), some dark
dots appear at the edge of the porous graphene sheets, high-
lighted in Fig. S8b (ESIt) by red circles, which are related to the
P atoms, due to the larger atomic mass of P than that of N and C.
The dispersion of P atoms on graphene is confirmed by the
aberration-corrected high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) (Fig. 2(c), (d),
and Fig. S8, ESIT), where most of the bright spots corres-
ponding to the P atoms are distributed at the edge of graphene
(Fig. 2(d), Fig. S8c, d and E, ESIY). The sizes of the bright spots
(Fig. S11, ESIf) are <0.15 nm, which are obviously smaller
than those of the single metal atoms on the carbon matrix

776 | EES Catal, 2023,1, 774-783

(typical value is in the range of 0.18-0.22 nm"®™%). The electron

energy loss spectroscopy (EELS) spectrum, collected from the
circled area as shown in Fig. 2(f), displays a weak signal at
around 130 eV, which originates from the energy loss of the P
L, ;-edge (inset of Fig. 1(e));"® moreover, no signals from metal
elements are detectable. The specific surface area of the P-SAC-
NG catalyst measured by the Brunauer-Emmett-Teller (BET)
method is around 1544 m® g~ ', which is much larger than that
of NG (375 m* g~ '). Besides, P-SAC-NG has a pore volume of
2.53 cm® g~' (Table S1, ESIt), comprising both micropores
(~1.0 nm) and mesopores (3-8 nm) (Fig. 1(f)), whereas most
pores of NG fall in the category of mesopores with an average
pore size of ~11.8 nm.

CO,, adsorption on single P atoms

The chemical composition and elemental states of P-SAC-NG
and NG were investigated by XPS (Fig. S12 and Table S2, ESIf).
As shown in Fig. S12a (ESI{), no signal from metal elements
was detectable in both samples, while two peaks at ~133 eV
(P 2p) and 190 eV (P 2s) of P-SAC-NG suggest the successful
introduction of the P heteroatoms into the carbon structure via
pyrolysis, matching well with the results from HAADF-STEM
and EDX measurements. The metal-free feature of P-SAC-NG
was further verified by ICP-MS and high resolution XPS mea-
surements (Fig. S13 and S14, ESIt). The P-SAC-NG contains
3.0 at% N, 9.3 at% O and 2.1 at% P, whereas NG has a higher
content of N (5.9 at%) and a lower content of O (4.4 at%). The
higher O content in P-SAC-NG suggests that the introduced

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Chemical states of P atoms in P-SAC-NG and CO, activation on single P atoms. (a) High resolution XPS P 2p spectrum. (b) Carbon and nitrogen
(inset) K-edge XANES spectra of P-SAC-NG and NG catalysts. In the carbon K-edge XANES spectra, A: defects, B: n*C—C, C: n*C-OH, D: n*C-O-C,
C-N, C=0, and COOH, and E: 6*C-C. (c) Phosphorus K-edge XANES spectra of P-SAC-NG and various references. (d) N 1s, (e) O 1s, and (f) P 2p XPS
spectra before and after CO, adsorption on P-SAC-NG. (g) Schematic illustration showing the structural transformation of P-SAC-NG during degassing
and exposure to CO,, (1) 2C-P—0O(OH) to (2) 2C-P—0 and (3) interaction with CO,. Black, gray, red and yellow spheres represent C, H, O, and P,

respectively.

additional O atoms in P-SAC-NG might connect to P atoms.
This conclusion is further supported by comparing the differ-
ence of the FTIR spectra of P-SAC-NG and NG as shown in
Fig. S15 (ESIT). There appear two absorption bands at ~1025
and 1230 cm ™' for P-SAC-NG, which can be ascribed to the
P-OH and P=0 stretching modes, respectively.”® By deconvo-
luting the N 1s XPS spectrum, it shows that P-SAC-NG and NG
samples have similar percentages of graphitic nitrogen occupy-
ing about ~50 and 54% of the total N, but the P-SAC-NG has
lower pyridinic N (9%) than NG (19%), as shown in Table S2
(ESIY). Fig. 3(a) displays the high-resolution P 2p XPS spectrum;
the bonding energy (133.0 eV) of P 2p is higher than that of P-P
(~130 eV) and C;-P (~131 eV) bonds, but lower than that of
the high oxidation species (such as C-O-P at 134.0 €V).>"** The
P 2p spectrum can be deconvoluted into two P species with
different P oxidation states, at 131.9 eV and 133.4 eV, belonging
to C;-PO and C,-PO,, respectively.”>>* Considering the low
content of N and P atoms in P-SAC-NG, contribution from P-N

© 2023 The Author(s). Published by the Royal Society of Chemistry

species to the P 2p spectrum can be neglected. To further
confirm the atomic dispersion of P atoms on carbon support
and their chemical states, solid-state nuclear magnetic reso-
nance (NMR) spectroscopy measurements were performed.
As shown in Fig. S12e (ESIt), the *'P solid-state NMR spectrum
of P-SAC-NG shows the presence of two main peaks appearing
at —5.3, and —16.1 ppm, respectively. These *'P peaks can
be assigned to P atoms analogous to triphenylphosphine (PPh;,
expected value at —5 ppm)*>*® and diphenylphosphate
(O=P(OH)Ph,, expected value at —13 ppm),>’ which are in
good agreement with the deconvolution of the P 2p XPS
spectrum, indicating two types of P species with different P
oxidation states, belonging to C3-P(O) and C2-PO2, respectively.
Overall, *'P solid state NMR and XPS results indicate that P atoms
are atomically dispersed in P-SAC-NG.

The bonding characteristics of P-SAC-NG were further inves-
tigated by C, N and P K-edge X-ray absorption spectroscopy
(XAS). As shown in Fig. 3(b), C and N K-edge X-ray absorption

EES Catal., 2023,1,774-783 | 777
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near edge structure (XANES) spectra of P-SAC-NG and NG
display similar characteristics; the slight intensity difference
in the C K-edge XANES of P-SAC-NG in the energy range from A
to E indicates richer defects in P-SAC-NG and a higher C-N
content in NG. Moreover, the N K-edge XANES spectra of the
two samples show nearly identical contents of the N species,
further ruling out the P-N species in P-SAC-NG, in agreement
with the XRD, Raman, and XPS data. Fig. 3(c) displays the P K-
edge XANES spectra. The spectral shape and energy position of
the references are consistent with the reported data.?®' Two
well-defined absorption bands in triphenylphosphine and tri-
phenylphosphine oxide arise from three-coordinated P-C with
a lone electron pair and three-coordinated P-C and one P-O,
respectively. For the P-SAC-NG, the white-line position at 2153.6
eV results from the dipole allowed transition from 1s — 3p,
where the 3p orbital is empty for the P in the +5 highest
oxidation state.’’ The higher absorption energy of the white-
line for the P-SAC-NG as compared to the reference samples, in
which the oxidation state of the P atom is +5, is due to more
electron-withdrawing ability of the doped nitrogen atom than
the carbon atom in the N-doped graphene matrix, which results
in more electron withdrawing, thus leading to a lower electron
density on phosphorus with a higher excitation energy. The P K-
edge XANES spectra of P-SAC-NG can be fitted by two absorp-
tion bands (Fig. S16, ESIT), corresponding to the transition
from 1s to two 3p orbitals related to the P-C (c*) and P-O (n*)
coordination.’®*' Based on the physical and chemical state
characterization (Fig. 1 and 2), it is concluded that most of the
P atoms are with the 2C-P—O(OH) or 3C-P—0 configuration,
as shown in Fig. 2(g) (1).

Before investigating the electrochemical CO,RR, the inter-
action between the as-prepared catalysts and CO, molecules
was studied by photoelectron spectroscopy. Prior to exposing
the catalyst to the CO, gas, the catalyst was thermally treated in
a vacuum to remove the adsorbed oxygen and water species.
As shown in Fig. S17 (ESIt), after thermal treatment, the
intensity variation of the C 1s, N 1s and P 2p (P 2s) spectra
for NG and P-SAC-NG is not obvious, while the intensity of the
O 1s spectrum dramatically decreases due to the decrease of
O content from ~4.4 at% to 1.8 at% for NG and ~9.3 at% to
4.5 at% for P-SAC-NG. Furthermore, the O 1s spectrum displays
similar components of O species for NG before and after
thermal treatment (Fig. S18, ESIt). However, the content of
the -OH group (P-OH and aliphatic C-OH) decreases from 50%
to 39% (from 4.6 at% to 1.8 at%) for P-SAC-NG, implying
unstable P-OH bonds (bond energy of P-OH: 335 vs. P—0:
544 (k] mol ")) and also confirming the high content of ~OH
group in P-SAC-NG (Fig. S17e, ESIY). Fig. S17c (ESIt) shows a
slight shift of the P 2p peak to higher binding energies after
thermal treatment, which can be ascribed to the stronger
electrophilic attack on P by the carbon ring via conjugated n
bonds than by the hydroxy groups, as shown in Fig. 3g (2).

The thermally treated NG and P-SAC-NG were exposed
to CO, gas in the XPS chamber, and the behaviors of CO,
adsorption were studied by analyzing the difference of the XPS
spectrum for each element between the two states (before and

778 | EES Catal., 2023,1,774-783
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after CO, exposure). Both C 1s and N 1s spectra of P-SAC-NG
and NG did not show any noticeable change (Fig. 3(d) and
Fig. S19, ESIT). The differential XPS spectrum of O 1s for NG
(Fig. S19d, ESIY), induced by the CO, exposure, is very weak,
indicating the low amount of chemically adsorbed CO, and the
weak interaction between CO, and NG. For P-SAC-NG, as shown
in Fig. 3(e), after CO, gas exposure, the increase in the O 1s
intensity is obvious and the differential O 1s spectrum before
and after CO, exposure can be divided into two contributions:
physical adsorption at ~531 eV and chemical adsorption at
~534 eV. The chemically adsorbed CO,°" anion on P-SAC-NG is
confirmed by an increase in the work function of P-SAC-NG
after exposure to CO, gas (Fig. S20e, ESIt), which was determined
from the shift of the second electron cut-off edge (~0.12 eV)
to lower binding energies. The results from the photoelectron
spectra show similar interaction between CO, molecules and P
atoms to that of the metal center in metal-SAC."®

The bonding of CO, at the P atomic sites was further studied
by analyzing the XPS P 2p spectrum. Fig. 3(f) shows the
differential XPS spectrum of P 2p induced by CO, adsorption,
which displays an increase in intensity at the low binding
energy side and a decrease in intensity at the high binding
energy side, which can be assigned to the increased P-C species.
Therefore, the photoelectron spectroscopy results could be ration-
ally explained by the chemical CO, adsorption on the P atom
of P-SAC-NG via forming a P-C bond as shown in Fig. 3g (3).

Evaluation of the CO,RR performance

The electrochemical CO,RR performance was first evaluated
on a rotating disc electrode by linear sweep voltammetry (LSV)
and cyclic voltammetry (CV, see Fig. S21, ESIt). The solution
resistance was determined by electrochemical impedance
spectroscopy (EIS) measurements (Fig. S22, ESIt). Fig. 4(a)
shows the LSV curves of the catalysts acquired in CO,-saturated
0.5 M KHCO; solution, in which the P-SAC-NG exhibits larger
polarization current density and lower overpotential, ~100 mV
lower than that of NG. The LSV curves of P-SAC-NG recorded at a
rotation speed from 400 to 2025 r.p.m., as shown in the inset
of Fig. 4(a), indicate the CO, mass transfer-controlled reaction
process. The CO,RR products were analyzed using an on-line gas
chromatograph with an H-type electrochemical cell separated by a
Nafion® 117 membrane. CO, H, and trace CH, were detected in
the gas phase, while no liquid products were detectable in the
potential range from —0.25 to —1.04 V (versus RHE). Fig. S23 and
S24 (ESIt) display the typical current profiles of the catalysts and
carbon paper support for analyzing the faradaic efficiency of
products. Fig. 4(b) compares the faradaic efficiency of CO and
H, between the P-SAC-NG and NG catalysts; P-SACs-NG exhibits a
lower onset overpotential towards CO formation (~120 mvV,
Fig. S25, ESIt). Furthermore, the P-SAC-NG electrode exhibits a
maximum CO faradaic efficiency of around 93% at an over-
potential of 0.62 V, and larger partial current density for CO
formation (Fig. S26, ESIt), as compared to NG. Using isotope
3C0, as the feedstock for the reaction in a carbon free electrolyte
(0.2 M Na,SO,) (Fig. S27, ESIY), it is confirmed that CO is indeed
formed via CO,RR. The Tafel slope of CO formation for P-SAC-NG

© 2023 The Author(s). Published by the Royal Society of Chemistry
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region from OCV to —1.1 V vs. RHE. (e) The potential dependence of *CO band intensity (integrated from 1750 to 1950 cm™?) over NG and P-SACs-NG,
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All measurements were performed under the conditions of 1 atm CO, and room temperature in 0.5 M KHCOs3 (pH = 7.3).

is 140 mV dec ™" (Fig. S28, ESIt), suggesting that the first electron
transfer to CO, to form a surface adsorbed anionic CO,’~ inter-
mediate is the rate-determining step in the CO,RR.*> We per-
formed in situ attenuated total reflectance (ATR) surface-enhanced
infrared absorption spectroscopy (ATR-SEIRAS, Fig. S29, ESIt)
to monitor the surface species during the electrochemical
CO,RR*7* over the NG and P-SAC-NG catalysts. During the
CO,RR, as the HER is the major competing reaction, *H and
*CO would occupy most of the reaction sites. As shown in Fig. 4(c)
and (d), the surface coverage of *CO on P-SAC-NG is much higher
than that on NG. Fig. 4(e) shows the potential dependent intensity
of *CO for NG and P-SAC-NG, displaying a similar trend to the
potential dependent FE¢o (Fig. 4(b)), verifying the higher selectiv-
ity and catalytic activity of P-SAC-NG toward the CO,RR. Moreover,
P-SAC-NG maintains a high *CO coverage even at a very high
applied cathodic potential (ca. —0.9 V vs. RHE) (Fig. 4(e)) with an
FEco of only ~50%, suggesting that the declined FEco may not
result from the direct competition between the CO,RR and HER at
the same catalytic sites, but due to activation of new catalytic sites
for the HER at high applied cathodic potentials (ca. over —0.8 V vs.
RHE). Fig. 4(f) displays the CO,RR stability of P-SAC-NG, which
could maintain a stable CO, to CO conversion with a CO faradaic
efficiency of 88% at an overpotential of ~0.51 V. Overall, it can be
concluded that although the performance of P-SAC-NG is lower
than those of most transition metal single-atom catalysts,'®"” the
above experimental results unambiguously indicate the P atoms
in P-SAC-NG as the active sites that catalyzed CO, reduction to CO.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Discussion

To identify the catalytic site for the CO,RR, the carbon, nitro-
gen, oxygen, and phosphorus K-edge XANES spectra for P-SAC-
NG and NG catalysts were recorded before and after the CO,RR.
All XANES spectra were normalized to the post edge with
background subtracted. The variations of the C and N K-edge
XANES spectra (Fig. S30, ESIt) for the two catalysts are un-
obvious before and after the CO,RR, consistent with the near-
ambient pressure XPS results. However, as shown in Fig. 5(a),
the variation of the O K-edge XANES spectra before and after
the CO,RR is distinct. The difference in the O K-edge XANES
spectra before the CO,RR between P-SAC-NG and NG catalysts
results from the high content of C—O and -OH species in
P-SAC-NG, which is also indicated in the O 1s XPS spectra
(Fig. S12d, ESIt). The A to E peaks in the O K-edge XANES
spectra can be assigned to A: n* C=0, (COOH), B: n* C-O-C,
C: hydroxyl-derived state c* C-OH, D: ¢* C-OH and C-O-C,
and E: 6* C=O0 based on previous reports.>> " The evolutions
of the O K-edge XANES spectra after the CO,RR for P-SAC-NG
and NG catalysts are highlighted in the differential spectra
of Fig. 5(b). The decreased intensity of peak D (c* C-OH and
C-0-C) for the two catalysts corresponds to a reduction of
C-OH (or P-OH) and C-O-C functional groups under a negative
applied potential on P-SAC-NG and NG. The increased peak
intensity of A, B and E (n* (-COOH) and c* of C-O) after the
CO,RR, for the two catalysts, results from the adsorbed -COOH
intermediate on the catalyst surface, highlighting the carboxyl
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Fig. 5 CO,RR mechanism. (a) O K-edge XANES spectra of P-SAC-NG and NG catalysts acquired before and after the CO,RR. A: n* C—0O, (COOH), B: n*
C-0-C, C: hydroxyl-derived state c* C-OH, D: o* C-OH and C-0O-C, and E: o* C=0. The differential spectra were obtained via subtracting the
spectra before the reaction from those after the reaction. (b) Changes in intensity of the O K-edge XANES spectra for P-SAC-NG and NG catalysts after
the CO,RR. (c) P K-edge XANES spectra of P-SAC-NG before and after the CO,RR (P 1s —» o* of P-C and P 1s — n* of P-0O). (d) SDifferent configurations
of P atoms optimized with DFT calculations, Al: 2C-P—0, A2: CN-P=0, A3: (N)2C-P=0, and C: 3C-P. Gray, white, 7/24/2023Sred, yellow and blue
spheres represent C, H, O, P and N, respectively. (e) Gibbs free energy profile for the CO,RR on P-SAC-NG at U = 0 V (for U = —0.5 V, Fig. S35, ESI¥).
(f) The orbital interaction between the P-SAC-NG and *COOH intermediate. Schematic energy-level correlation diagram of the *COOH intermediate in
the cluster model of Al configuration. (g) Schematic of the CO,RR process on P-SAC-NG.

(*COOH) pathway of the CO, reduction to CO on the P-SAC-NG
and NG catalysts. Furthermore, the increase in the amplitude of
peaks A and B for P-SAC-NG is much larger than that for NG,
which is consistent with the higher CO,°~ species intensity in
the NA-XPS O 1s spectrum, in situ ATR-SEIRAS and larger
cathodic current for CO production in the electrochemical
CO,RR. The mode of CO, bonding to the P-SAC-NG catalyst
was further disclosed by the change of the P K-edge XANES
spectra before and after the CO,RR, as shown in Fig. 5(c). The
differential spectrum shows that the intensity increases at the
low energy side and decreases at the high energy side, which
results from transition of 1s to antibonding orbitals of P-C (c*)
and P-O (n*), indicating the adsorption of the CO,RR inter-
mediate on the P site with a P-CO,’° "~ configuration.

To explore the origin of P single-atoms as the active center,
and the reaction mechanism of the CO,RR on P-SAC-NG,
density functional theory (DFT)**™° calculations were per-
formed based on the computational hydrogen electrode (CHE)
model*' (see the ESIT). Various geometric configurations were
examined by considering the position of P atoms (at the arm-
chair or the basal plane), the influence of N, O incorporation

780 | EES Catal., 2023,1, 774-783

and the coordination interaction of P atoms, as shown in
Fig. S31 (ESIt). Based on the above structural characteristics
and the experimental results, the configurations with P coordi-
nated by two carbon atoms, one O atom and one OH group
(A: 2C-P—O(OH)) and by three carbon atoms, one O atom
(B: 3C-P=0) were first considered. However, for the first step
of the CO,RR as shown in Fig. S32 (ESIY), the adsorption of
*COOH on the P site with 2C-P—0O(OH) and 3C-P=—0 config-
urations is energetically unfavorable, with a free energy barrier of
3.14 and 2.45 eV, respectively. Moreover, the 3C-P(COOH)—0
intermediate state is thermodynamically unstable; one of the P-C
bonds would dissociate and oxidize to C—0, and transfer to the
2C-P(COOH) configuration. Competing with direct CO, adsorp-
tion and hydrogenation to form *COOH on 2C-P—O(OH), the
2C-P=—0(OH) site transfers to the 2C-P—0 configuration via a
proton-coupled electron transfer (PCET) process,*” which is ener-
getically more favorable with an energy barrier of merely 0.93 eV
(Fig. S33, ESIt). Protonation of 2C-P—0(OH) by the PCET process
is akin to that in the oxygen reduction reaction of the Fe-N-C
catalyst.*’ In the PCET step, the ~OH group acts as a proton
acceptor; meanwhile the 2C-P =—O(OH) accepts an electron,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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causing the 2C-P—0(OH) transfer to 2C-P—O0 (named as Al), in
which the P atom has an unsaturated coordination (featured by
one unoccupied 3p, orbital). This process matches well with the
XPS and XANES results.

Furthermore, to probe the influence of N and O incorpora-
tion on the reaction mechanism, the A2-A6 configurations were
also constructed. Gibbs free energy of the CO,RR at all possible
P, C and N sites for A1-A3 was calculated, as shown in Fig. 5(d)
and Fig. S34 (ESIt). Fig. 5(e) shows the free energy profiles of
the CO,RR at the P sites; the potential limiting step (PLS) of the
A1l and A3 configurations is the first electron transfer step to
generate the *COOH intermediate, in good accordance with the
Tafel slope obtained from the experiment. The energy barrier of
Al in the PLS is 0.64 eV at U = 0 V and 0.14 eV at an applied
potential of —0.5 V versus RHE (Fig. S35, ESIt). Compared to A1,
N incorporation (the A3 configuration) can facilitate the CO,RR
by reducing the energy barrier of the PLS to 0.47 eV at U = 0. For
the A2 and A4 configurations, the PLS is the second electron
transfer step for the formation of the *CO intermediate, which
contradicts with the experimentally determined Tafel slope
on P-SAC-NG. Considering the low doping concentration of N
(~3 at%) and P (~2 at%), the direct bonding between N and P
(the A2 and A4 configurations) should be rare in P-SAC-NG. For
O introduction in graphene, the P-O bonding is not stable in
the basal plane and shows an energy barrier of more than
1.0 eV for the adsorption of *COOH, as can be seen from the
optimized structures and free energies for A5 and A6 config-
urations in Fig. S31 and S34 (ESIt). We also investigated the
reaction mechanisms at the C and N sites (Fig. S34, ESIt),
which show that the CO,RR at the N and C sites is less active
than that at the P site (e.g., A(*C), A1-3(*C) and A2, 3(*N))
because of the difficulty in the valence state change for N and C
sites. In addition, the catalytic properties of P atoms in the
basal plane of graphene were compared by generating C and E
models with 3C-P configurations. It is found that P atoms of all
these structures are less active than the P sites at the edge and
the adsorption of *CO on the P atoms in plane is also not
favored, even when considering the introduction of N and O
(the C1-C3 and E1 configurations, as shown in Fig. S31, ESIT).
Moreover, the effects of the solvent (water molecules) on the
CO,RR for different configurations of P atoms (A1, A2, A3 and
C) were investigated.** The results show that under both
conditions, with (Fig. S36, ESIt) and without (Fig. 5(e)) con-
sidering solvent effects, the P sites with 2C-P—0 feature are
identified as the catalytic sites for the CO,RR to CO. The Gibbs
free energies of competitive hydrogen evolution on P sites for
A1-A3 and C configurations were also calculated (Fig. S37,
ESIT). Owing to the higher H* adsorption energy than that of
*COOH formation at P sites of the A3 configuration, the high
selectivity of CO, to CO at P sites with the A3 configuration is
guaranteed.

To elucidate the nature of the interactions between P-SAC-
NG (A1l: 2C-P—0) and COOH adsorbates, the orbital inter-
actions were investigated qualitatively in a simplified cluster
model*>*® (Fig. $38, ESIt) as shown in Fig. 5(f). It can be seen
that when CO, adsorbs at the P site, the vacant degenerate m*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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orbitals of CO, will be activated and stabilized by gaining one
electron via a proton coupled electron transfer process (* + CO,
+H'+ e~ — *COOH) and contributes to one vacant orbital and
one singly occupied orbital with one unpaired electron at the
COOH adsorbate. Then the highest occupied molecular orbital
(HOMO) of P-SAC-NG can further transfer electrons to the
adsorbate and form P-COOH bonds through strong orbital
interactions. In this way, the single electron will diffuse and
delocalize at the carbon atoms of P-SAC-NG. With another
proton coupled electron transfer step, the C-OH bond of the
COOH adsorbate will be broken by forming H,O, leaving one
unpaired electron at the C atom of the CO adsorbate (*COOH +
H'+e~ — *CO + H,0). Then this unpaired electron transfers to
the P atom immediately, releasing the CO molecule and form-
ing one P-C bond with the other unpaired electron localized
at C atoms of P-SAC-NG at the same time. Consequently, the
P-SAC-NG catalyst recovers to complete the catalytic cycle, as
detailed in the CO,RR pathway (Fig. 5(g)). The understanding of
the activation process of CO, on P-SAC-NG from orbital inter-
actions is consistent with the results from Bader charge and
projected density of states (pDOS) analyses as presented in
Fig. S39 (ESIt). Overall, it can be concluded that P-SAC-NG
exhibits excellent catalytic performance for the CO,RR. The
optimal catalytic site of P-SAC-NG is the phosphorus atomic site
at the armchair of graphene. The generation of the *COOH
intermediate is the potential limiting step.

In summary, we have developed a non-metal single-atom
catalyst consisting of high density, isolated phosphorus atoms
anchored at the edge of porous graphene as an electrocatalyst
for the CO, reduction reaction. The activation and electro-
chemical reduction processes of CO, on single P atomic sites
are unambiguously probed by X-ray absorption spectroscopy,
photoelectron spectroscopy and DFT studies. Our work not only
extends the definition of SACs to a non-metal catalytic center
but also offers a unique insight into the non-metal active site
geometric and structural transformation during the CO,
reduction reaction. Due to the intrinsic difference between
non-metal atoms and metal atoms, SACs with non-metal cen-
ters will also have unique characteristics. We expect that with
the insights provided here it is viable to develop a family of
non-metal SACs and non-metal/metal dual site catalysts for
advanced catalytic applications.
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