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ABSTRACT
Although noble-metal based catalysts and single-atom catalysts (SACs) are known to be active for CO, electrore-

Electroreduction of CO, into chemicals is of great importance in the global carbon balance.

duction reaction (CO,RR), the high cost of noble-metal and the lack of effective synthesis approaches to prepare
SACs have tremendously hindered the application. Non-metal doped carbon materials have attracted great interest
because of their reasonable cost, chemical stability and excellent electrical conductivity. Nevertheless, the design
and fabrication of highly efficient non-metal doped carbon electrocatalysts for CO,RR to meet industry demands
still remains a big challenge. Herein, triphenylphosphine@covalent triazine frameworks (CTFs) composites were
employed as precursors to fabricate N,P dual-doped porous carbon catalysts PCTF-X-Y (X represents the
carbonization temperature, and Y represents the mass ratio of CTF to triphenylphosphine) for CO,RR. Due to the
high specific surface areas and synergistic effect between N and P, the obtained PCTF-1000-5 exhibited high
selectivity for CO production up to 84.3% at —0.7 V versus the reversible hydrogen electrode (vs. RHE) and
long-term durability over 16 h, which are better than the reported N,P dual-doped carbon catalysts in aqueous media.
This work provides a new way to design and fabricate non-metal catalysts for electrocatalysis.
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1 INTRODUCTION

The electroreduction of CO, into value-added chemicals
using renewable electricity would be a promising way to
alleviate the greenhouse effect and achieve a neutral carbon
cyclel™®. Among the products of CO, electroreduction
reaction (CO,RR), CO is considered to be one of the most
important industrial feedstocks, which has been widely used
for the Fischer-Tropsch synthesis to produce hydrocarbon
liquid fuels™™*%. In the past decades, noble-metal (e.g., Au,
Ag, and Pd) based catalysts and single-atom catalysts (SACs)
(e.g., Ni-N-C and Co-N-C) have been successfully

developed and widely used as highly active electrocatalysts
for CO,RR to produce COM*2% Nevertheless, the
applications of noble-metal based catalysts are limited by
their exorbitant prices, while in the case of SACs, it is
difficult to fabricate SACs in large-scale manner with simple
synthesis procedures? 21, Therefore, it is an urgent desire to
develop efficient metal-free electrocatalysts such as
non-metal doped carbon materials towards CO,RR. Recently,
the metal-free porous carbons have drawn considerable
attention because of their intrinsic features of low-cost, earth
abundance, large surface area, excellent conductivity and
stability in acidic and alkaline media in comparison to the
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metal-based electrocatalysts™®=U. A variety of non-metal
atoms (e.g., N, P, F, etc.) doped carbons are active in CO,RR
for the production of COP2*4_ The high CO,RR activity for
these carbons is attributed to that the introduction of foreign
atoms into the carbon skeleton could break the electroneu-
trality of carbon matrix and induce the charged active
sitest™ 2% 30 31 Compared with the single non-metal atom
doping, dual-doped carbons
electrocatalytic activity owing to the increase of activated

usually achieve higher

centers and the synergistic effect between the different

dopantst®® %!

. Unfortunately, it still remains a significant
challenge for the heteroatom doped carbons to achieve
highly efficient CO,RR due to the lack of enough active sites
to overcome the inert chemical bond of CO, molecules and
the competitive side reactions such as the hydrogen
evolution reaction (HER).

As a common heteroatom, nitrogen (N) has been widely
employed as dopant incorporated into carbon matrix 230323537
and the resulting N-doped carbons exhibited enhanced
electrocatalytic activity due to the higher electronegativity of
N with respect to C and the formation of positive charge
density on the adjacent C* 23031 ynlike N, phosphorus (P)
with lower electronegativity than C can modify the local
charge of N-doped carbons to obtain an optimized charge-
carrier concentration and create new active sitest®® 3% 381
which are considered as an ideal dopant together with N
atom for the fabrication of dual-doped carbons. Regarding
ORR, it has been demonstrated that the N and P dual-doped
carbon materials present high activity and durability™® 4°!,
Nevertheless, the CO,RR catalyzed by N,P dual-doped
carbon materials has seldom been investigated™® 44,

Covalent triazine frameworks (CTFs) constructed from
the trimerization of aromatic nitriles are one class of porous
conjugated polymers containing high N content*?*!, which
have been identified as ideal precursors to prepare highly
porous carbons“®l, Moreover, the highly porous structures in
CTFs are beneficial for the introduction of triphenylphos-
phine (PPhs) into the pores as P source. In addition, the
superior chemical and thermal stability of CTFs is beneficial
to obtain high carbon yield.

In this work, PPh3 as phosphorus source was encapsulated
into the pores of CTF-400 (Fig. 1), which was employed as
precursors to fabricate N,P dual-doped porous carbons
PCTF-X-Y, where X represents the carbonization tempera-
ture and Y is the mass ratio of CTF to PPh;. The N and P
contents in the obtained materials can be adjusted by

changing the mass ratio between CTF-400 and PPh; as well

as the carbonization temperature. Due to the high specific
surface areas and the synergistic effect caused by the doped
N and P in the graphitic networks, the resulting PCTF-
1000-5 catalyst exhibited high CO selectivity with 84.3%
faradaic efficiency (FE) at —0.7 V versus the reversible
hydrogen electrode (vs. RHE, all potentials are with
reference to the RHE), which is 1.5 times higher than that of
mono N-doped CTF-1000 at the same potential. As far as we
know, the high CO selectivity outperforms all previously
reported N,P dual-doped CO,RR electrocatalysts in aqueous
system™® and most of metal-free carbons[t? 3234 37, 40,41, 47-53]
Moreover, PCTF-1000-5 could maintain its initial activity
over 16 h during the long-term electrolysis experiment.

2 RESULTS AND DISCUSSION

The preparation of N,P dual-doped porous carbons is
illustrated in Fig. 1. Typically, the porous covalent triazine
framework, CTF-400, acted as nitrogen source and precursor
was prepared from the trimerization of terephthalonitrile in
the presence of molten ZnCl, as Lewis catalyst and
porogent®® #81 As measured by the inductively coupled
plasma atomic emission spectrometry (ICP-AES), the
content of Zn in CTF-400 is less than 0.23 wt%, suggesting
that the residual ZnCl, has been removed using diluted
hydrochloric acid. The PPh; was introduced into CTF-400
by a facile impregnation method, followed by carbonization
to give N,P dual-doped porous carbons PCTF-X-Y (X =
600 <C, 800 T and 1000 <C; Y =5 and 1). When the mass
ratios of CTF-400 to PPh; are 5:1 and 1:1 (carbonization
temperature is 1000 <C), the corresponding samples were
named as PCTF-1000-5 and PCTF-1000-1. For comparison,
the N-doped carbon CTF-1000 was obtained by pyrolysis of
CTF-400 at 1000 <C. The samples carbonized at different
temperature of 600, 800 and 1000 < (the mass ratio of
CTF-400 to PPh; is 5:1) were denoted as PCTF-600-5,
PCTF-800-5 and PCTF-1000-5, respectively. For N,P
dual-doped carbon materials and CTF-1000, the N and P
contents are summarized in Table S1 based on the elemental
analysis (EA) and ICP-AES results. It can be observed that
the contents of N and P in PCTF-1000-5 are 1.99 wt% and
0.46 wt%, respectively. The N and P contents decreased as
the mass ratio of CTF-400 and PPh; decreased at the same
carbonization temperature, while with decreasing the
carbonization temperature, the N and P contents increased
under the same mass ratio between CTF-400 and PPh;
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Fig. 1. Schematic illustration for the synthesis of CTF-400 and N,P dual-doped
porous carbons from PPh;@CTF-400. Hydrogen atoms are omitted for simplicity

The powder X-ray diffraction (PXRD) patterns of
CTF-400 (Fig. S1) shows only an obvious broad peak at

around 25 <indexed to the (001) reflection of aromatic sheets.

The N, adsorption-desorption measurement of precursor
CTF-400 was performed at 77 K (Fig. S2), which revealed
that CTF-400 has a high Brunauer-Emmett-Teller (BET)
surface area of 568 m? g and a large total pore volume of
0.32 cm® g%, The pore size distribution determined by the
nonlocal density functional theory (NL-DFT) method
(Fig. S2) revealed that the CTF-400 is mainly composed
with micropores. The micropore of 1.2 nm matches well
with the pore size of 11.55 A measured from the model of

CTF-400 simulated by Mercury software (Fig. S3a). Such
porous architectures are highly accessible to PPh; because
the PPh, (the longest edge is ~9.403 A, Fig. S3b) is much
smaller than the pore size of CTF-400. In addition, the
sample CTF-400 has a high weight ratio of nitrogen (7.57
wt%), which is considered as the ideal precursor to fabricate
porous nitrogen-rich carbons via thermal transformation. In
order to encapsulate PPhs into the porous framework of
CTF-400, a facile impregnation method was employed and
by adjusting the mass ratio of CTF-400 to PPh; in this
process, the heteroatom content can be easily tailored.

L——1200 nm

Fig.2. TEM images of (a) PCTF-1000-5 and (b) CTF-1000; (c) EDX profile of PCTF-1000-5 and
(d) the corresponding C, N, and P EDS elemental mappings

The morphology and structure of PCTF-1000-5 were

firstly characterized by scanning electron microscopy (SEM).

As depicted in Fig. S4, the PCTF-1000-5 presents the
block-like morphology with random open pores stacked
arbitrarily by the 2D graphene sheets. The transmission
electron microscopy (TEM) images (Figs. 2a, b and Fig.
S5a) exhibit that the as-prepared PCTF-1000-5 has similar
morphology to CTF-1000, suggesting that the highly porous

structure was remained after P doping. The energy disper-
sive X-ray spectroscopy (EDX) (Fig. 2c¢) manifests the
presence of C, N and P elements in PCTF-1000-5, which
agrees well with the EA and ICP-AES results (Table S1).
The EDS elemental mappings reveal the uniform distribution
of these elements within the entire framework (Fig. 2d). The
powder X-ray diffraction (PXRD) patterns of all the
obtained N,P dual-doped carbons and CTF-1000 (Fig. 3a)
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display two broad characteristic peaks at around 25°and 44<
which can be ascribed to the (001) and (101) reflections of
graphitic carbon, respectively. The appearance of a weak
peak at 44°suggested that a higher graphitic degree was
obtained in these samples in comparison to precursor
CTF-400. The graphitization degrees of all carbon-based
materials were further confirmed by Raman spectroscopy.
As shown in Fig. 3b, all the samples have typical D bands
located at ca. 1355 cm™ and G bands at ca. 1576 cm™,

corresponding to structure defects and the vibration of
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To manifest the local chemical environment of all the
carbon samples, X-ray photoelectron spectroscopy (XPS)
were recorded. The survey spectrum of CTF-1000 shows the
presence of C, N and O atoms, while PCTF-1000-5 has a
new weak peak positioned at ~133 eV corresponding to the
P 2p (Fig. 4a)l®* 3 4 58 fyrther confirming that the P
species has been successfully introduced into the carbon
skeleton. The result matches well with the ICP-AES (Table
S1) and EDX results (Figs. 2c, d and Figs. S5b, c). Notably,
the O signals in the samples may be originated from physical
adsorption of small molecules (e.g., O,, CO, and H,0) on
porous carbons®). As shown in Fig. 4b, the high-resolution
XPS spectrum for N 1s of PCTF-1000-5 can be fitted into
four peaks assigned to the pyridinic-N (398.5 eV),
pyrrolic-N (399.7 eV), graphitic-N (401.2 eV) and oxidic-N
(402.7 eV), respectively" 4% 41471 The P 2p XPS spectrum
reveals three bonding configurations, corresponding to P—-C
(1325 eV), P-N (133.7 eV) and P-O (135.0 eV),
respectively (Fig. 4c)i“% 4551 The proposed structures of
these types of N and P are displayed in Fig. 4d. As
comparison, CTF-1000, PCTF-1000-1, PCTF-800-5 and
PCTF-600-5 were also characterized by XPS. As depicted in
Figs. S6 and S7, the types of N species and the bonding
configurations of P element in these samples are similar with

i
=

Intensity (a.u.)

sp?-bonded carbon atoms, respectively!® -+ 551 compared
with that of CTF-1000, the N,P dual-doped carbons showed
larger values of Ip/lg (Table S2), indicating the presence of
more defects in the carbon lattice due to the introduction of
P atoms!*? %% |n addition, a broad weak peak at ca. 2880
cm™ can be observed, suggesting the existence of graphitic
layered structures in these samples®” %8 which is beneficial
for the electron transfer to active sites and substrates, thus
improving the electrocatalytic activity.

= CTF-1000
e PCTF-1000-5
~——PCTF-1000-1
«—=PCTF-800-5
= PCTF-600-5

= —

1000

D:1355cm™ G:1576 cm”

1500 2000 2500 3000

Raman shift (cm™)

500 3500

(a) PXRD patterns and (b) Raman spectra for CTF-1000, PCTF-1000-5, PCTF-1000-1, PCTF-800-5 and PCTF-600-5

those in PCTF-1000-5. The contents of different types of N
and P for the samples mentioned above are listed in Tables
S3-6 and compared intuitively in Fig. S8. As can be seen
from Figs. S8a, b, graphitic-N is the main type N for
CTF-1000. Thus, in combining with the ICP-AES and
Raman results, it can be concluded that the CTF-1000
retained major sp? carbon skeleton. According to previous
reports, the C atoms next to pyridinic-N are beneficial for
enhancing the CO,RR %1 Nevertheless,
CTF-1000 had the low pyridinic-N amount of 0.03 wt%,
while the N,P dual-doped carbon PCTF-800-5-1 exhibited
the highest pyridinic-N amount (0.97 wt%), followed by
PCTF-1000-5 (0.55 wt%), PCTF-600-5 (0.46 wt%) and
PCTF-1000-1 (0.46 wt%) (Table S5). In addition, the P-C
bond is regarded to be in favor of CO,RR in reported

activity®®

P-doped carbons owing to its good CO, activation and
strong intermediate adsorption®. Therefore, the more P—C
bonds in N,P dual-doped carbons may also improve the
CO,RR activity. As shown in Table S6, the amounts of P-C
bond in PCTF-1000-5, PCTF-1000-1, PCTF-800-5 and
PCTF-600-5 are 0.33 wt%, 0.05 wt%, 0.31 wt% and 0.36
wt%, respectively. Here, it is speculated that the N and P
owning different electronegativity doped in graphene sheet
would activate the adjacent C to P atoms acting as active
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sites and the high total amount of pyridinic-N and P-C bond
is conducive to electrocatalysis.

In order to determine the porosity and specific surface
area of the samples, the nitrogen sorption isotherms were
measured at 77 K and the results are shown in Fig. 5a.
Compared with mono N-doped CTF-1000, the N,P
dual-doped catalysts (PCTF-1000-5, PCTF-1000-1, PCTF-
800-5 and PCTF-600-5) showed higher N, adsorption
capacity. As summarized in Table S7, the BET specific
surface areas of PCTF-1000-5, PCTF-800-5 and PCTF-
600-5 are 822, 666 and 615 m?-g™, respectively, suggesting
that the higher carbonization temperature leads to a larger
BET specific surface area under the same mass ratio of
CTF-400 to PPh;. The PCTF-1000-5 catalyst also exhibited
a larger BET specific surface than that of PCTF-1000-1 (475
m?-g’!) and CTF-1000 (179 m?-g’%), which indicated that the
large BET specific surface area was related to high N and P
doping level at the same carbonization temperature. The
pore size distributions calculated by the NL-DFT method

(Fig. S9) demonstrated that the pore types of all samples are
mainly micropores less than 2 nm in diameter. And the total
pore volume of samples displayed a rise with the increased
carbonization temperature under the same mass ratio of
CTF-400 to PPh; or the increased N and P doping level at
the same carbonization temperature, which revealed a
similar trend to BET specific surface area (Table S7). The
high BET surface area and large pore volume could make
more active sites highly accessible to substrates, thus
improving the energy conversion efficiency. In addition, the
highly porous structure is favorable for CO, adsorption
uptakes, and thereby the adsorption behavior of different
samples also revealed the similar regularity to BET specific
surface area. It is noteworthy that PCTF-1000-5 with the
largest BET surface area exhibited the best CO, adsorption
capacity of 58 cm®-g™ at 298 K (Fig. 5b), which manifested
a strong CO, affinity by the PCTF-1000-5 that would
contribute to improving its CO,RR activity.
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Fig. 6. (a) LSV curves of PCTF-1000-5 in N,- and CO,-saturated 0.5 M KHCOjs electrolyte at a scan rate of 10 mV s™. (b) LSV curves
of CTF-1000, PCTF-1000-5, PCTF-1000-1, PCTF-800-5 and PCTF-600-5 in CO,-saturated 0.5 M KHCOj electrolyte at a scan rate
of 10mV s™. (c) FE for CO production of CTF-1000, PCTF-1000-5, PCTF-1000-1, PCTF-800-5 and PCTF-600-5 at different
applied potentials. (d) Stability test (FE for CO and total current density) of PCTF-1000-5 at -0.7 V vs. RHE for 16 h.
(e) Operando ATR-FTIR experiments was taken after 10 min at -0.7 V vs. RHE on the PCTF-1000-5. The green

spectrum was taken in 0.1 M KClI saturated with Ar. The blue spectrum was taken in 0.1 M KCI saturated
with CO,. The red spectrum was taken in 0.5 M KHCOj; saturated with CO,. (f) Operando
ATR-FTIR of PCTF-1000-5 at-0.7 V vs. RHE in 0.5 M KHCOj3 saturated with CO,

The CO,RR performances of all the N,P dual-doped
carbons and CTF-1000 were conducted in a gas-tight H-type
electrochemical cell using an electrolyte of 0.5 M KHCO:..
Primarily, the linear sweep voltammetry (LSV) of PCTF-
1000-5 was measured between 0 and —1.3 V vs. RHE in both
N, and CO,-saturated electrolytes (Fig. 6a). In CO,-saturated
electrolyte, PCTF-1000-5 achieved a more positive onset
potential and higher current density than those in N,-satura-
ted electrolyte, indicating a favorable CO, reactivity with the
catalyst. As displayed in Fig. 6b, among all the N,P
dual-doped samples, PCTF-1000-5 has the most positive
onset potential of around —0.48 V vs. RHE and the highest
current density of 21.7 mA-cm™ at —1.3 VV vs. RHE, strongly

indicating that PCTF-1000-5 with the large surface areas,
highly porous architectures and synergistic effect of N and P
dopants has the best CO,RR activity. To further determine
the selectivity of different catalysts in CO,RR, the reduction
products and corresponding FE at various applied potentials
were analyzed. Within the potential ranges from —0.6 to —0.9
V vs. RHE, CO and H, were the main gas-phase products
detected by gas chromatography (GC), and no liquid-phase
product was found in *H nuclear magnetic resonance (NMR)
spectroscopy (Fig. S10). As shown in Figs. 6b, ¢, CTF-1000
displayed the larger current density and more positive onset
potential when compared with N,P dual-doped electro-
catalysts, but H, was the major product for CTF-1000 during
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CO,RR. The large current density of CTF-1000 might be
related to its high graphitization degree indicated by Raman
analysis, while the poor CO selectivity is mainly caused by
the low pyridinic-N amount in CTF-1000. It can be seen in
Fig. 6¢c that the N,P dual-doped samples PCTF-1000-5,
PCTF-800-5 and PCTF-1000-1 exhibited much better CO
selectivity than pristine CTF-1000 over the whole applied
potential range, which suggested that the doping of P atoms
in the N-doped graphitic networks is beneficial for the
conversion of CO,-to-CO. In addition, PCTF-1000-5
achieved higher CO selectivity (84.3%) than PCTF-1000-1
(78.4%), which can be attributed to its higher amount of
pyridinic-N (0.55 wt%) and P-C bond (0.33 wt%) than
PCTF-1000-1 (0.46 wt% for pyridinic-N; 0.05 wt% for P-C
bond). PCTF-800-5 with the higher amount of pyridinic-N
(0.97 wt%) and P-C bond (0.31 wt%) than PCTF-1000-1
also gained the higher CO selectivity (84.1%). It should be
noted that PCTF-1000-5 with the smaller amount of
pyridinic-N and P—C bond than PCTF-800-5 showed higher
CO selectivity. This might result from the much higher
surface areas of PCTF-1000-5 than PCTF-800-5, which is in
favor of the exposure of more active sites and CO,
adsorption, thus improving the CO yield during CO,RR. For
PCTF-1000-5, it achieved the best FE. of 84.3% at -0.7 V
vs. RHE and gradually decreased with the increase of
applied potentials, most likely because the potentials more
negative than —0.7 V vs. RHE favored the competitive HER.
Significantly, the optimal FE¢o of PCTF-1000-5 is superior
to most of the previously reported metal-free carbon
catalysts (Table S8). It can be also seen in Fig. 6c that
PCTF-600-5 showed the worst CO selectivity among all the
samples, most likely because the part framework of
CTF-400 that is inactive for CO,RR (Fig. S11) was retained
in PCTF-600-5. Long-term stability is another key parameter
for a superior electrocatalyst. As shown in Fig. 6d, the
electrochemical reduction of CO, on PCTF-1000-5 was

performed at the applied potential of —-0.7 V vs. RHE. The
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performance of PCTF-1000-5 can be reasonably attributed to
its high specific surface areas, highly porous architectures as
well as the synergistic effect between N and P atoms.
Operando ATR-FTIR demonstrated that the formation of
COOH?* intermediate was the rate-determining step in
CO,-t0-CO conversion. This work will further facilitate the
rational design and cost-saved construction of efficient
metal-free electrocatalysts for both energy storage and

conversions.
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