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Abstract:

Phosphorus-doped carbon materials are one of the novel carbon catalysts for the hydrogen evolution reaction (HER)

that have attracted considerable attention in recent years. However, the role of C—P species played in the HER activity is still not

clear. Phosphorus-doped carbon nanotubes were prepared by chemical vapor deposition and annealed at 900, 1 000 and 1 200 °C to

remove all or part of the phosporus, resulting in four samples with different amounts of substitutional-, pyridine- and pyrrole-like P

species. The correlations between the HER activity and the contents of the three species were investigated. Results showed that the

content of substitutional P decreased with annealing temperature and none was retained at 1 200 °C. The HER activity increased with

annealing temperature and the sample annealed at 1 200 °C had the highest HER activity in an acid medium with an overpotential of

0.266 V at a current density of 10 mA cm > Density functional theory calculations showed that the pentagon- and nine-membered

ring defects formed by the elimination of substitutional P mainly contributed to the HER activity.
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1 Introduction

Since the doping of phosphorus into carbon skel-
eton was proved to be able to boost the electrocatalyt-
ic activity of carbon materials towards the oxygen re-

duction reaction!™

, various phosphorus-doped car-
bon materials with different morphological characters
were developed and displayed remarkable perform-

[+-6] 71 and wa-

ances in ion batteries™ ", supercapacitors
ter splitting!'® "), However, for these emerging strik-
ing phosphorus-doped carbon materials, up to now,
their active P species are still ambiguous mainly due
to the coexistence of many different P species such as
graphite-like P (C;—P), pyridine- and pyrrole-like
P (C,—P), C,—P=0, C—O—P= O(OH),, C—P=
O(OH),, which impede their further practical applica-
tion greatly. Our previous work!"”! demonstrated that
the defects resulted from the decomposition of
C,—P=0 group and the C—O—P species contrib-
uted mainly to the performance improvement of hy-

drogen evolution reaction (HER) and oxygen evolu-
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tion reaction (OER). The absence of C—P species
such as C,—P and C,—P from the reported phosphor-
us-doped materials made their effects on HER per-
formance unknown.

We prepared four phosphorus-doped carbon nan-
otubes (P-CNTs) with different P species to investig-
ate the effects of graphite-, pyridine- and pyrrole-like
three P species on the HER activity of phosphorus-
doped carbon materials. Results indicated that the
phosphorus-doped carbon nanotubes prepared at
1 200 °C with an overpotential of 0.266 V at the cur-
rent density of 10 mA cm™ exhibited a much high
HER activity in an acid medium. Density functional
theory (DFT) calculations further revealed that com-
pared with the defects from the pyrolysis of pyridine-
and pyrrole-like P species, the pentagon- and nine-
member ring defects resulted from the decomposition
of graphite-P species were the main active sites for the
HER, providing a new perspective for the rational de-

velopment of high-efficiency HER catalysts.
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2 Experimental

P-CNTs were synthesized by chemical vapor de-
position with triphenylphosphine (TPP) as a phos-
phorus source, toluene as a carbon source, ferrocene
and Fe-Mo/Al,O;, as catalysts. In a typical procedure,
TPP, toluene and ferrocene were mixed at a mass ra-
tio of 15 : 100 : 7.5. The tubular furnace was heated
to 750 °C after a clean quartz boat with 0.1 g of Fe-
Mo/Al,O, catalysts was put into the high temperature
area of the quartz tube'”. The product in the quartz
boat was collected and denoted as P-CNTsl. Finally,
P-CNTs1 was calcined at 900, 1 000 and 1 200 °C un-
der vacuum for 2 h to produce samples named as P-
CNTs2, P-CNTs3 and P-CNTs4, respectively.

3 Results and discussion

The SEM and TEM images (Fig. 1) of P-CNTsl,
P-CNTs2, P-CNTs3 and P-CNTs4 indicated that all of
the four samples had a nanotube morphology. From

the HRTEM images, it could be found that the carbon
lattice fringes in P-CNTsl were much more regular
than those in P-CNTs4, indicating the presence of
more edge defects in P-CNTs4.

The two dominant diffraction peaks near 23° and
43° in the XRD spectra of 4 samples (Fig. Sla) could
be attributed to the (002) and (100) crystal planes of
graphitic carbon, respectively, confirming that the pre-
pared samples were mainly composed of CNTs. Ra-
man spectra of four samples in Fig. 2 could be decon-
voluted into D, G, [ and D" peaks. The D and G bands
at ca. 1350 and 1580 cm ™' reflect the degree of lat-
tice defects and the E,, vibration of carbon atoms, re-
spectively. 7 band at ca.1 220 cm ™' corresponds to the
disorder in the graphitic lattice, such as sp>sp’ bonds
and polyenes, and D" band at ca. 1 500 cm ™' is gener-
ally related to the amorphous carbon'"*". The I/,
values of four samples increased from 0.47 to 1.78 as
the synthesis temperature increased (Fig. 2), indicat-

ing that the defect degree of the materials increased

N -
Fig. 1 SEM images of (a) P-CNTsl1, (d) P-CNTs2 , (g) P-CNTs3 and (j) P-CNTs4 . TEM images of (b, ¢) P-CNTsl1 , (e, ) P-CNTs2, (h, i) P-CNTs3 and (k, 1)
P-CNTs4 , and their HRTEM images inserted in their corresponding TEM images (c, f, i and I).
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Fig.2 Deconvoluted Raman spectra and /;,/; values of (a) P-CNTsl1 , (b) P-CNTs2 , (¢c) P-CNTs3 and (d) P-CNTs4 .

with the synthesized temperature increase.

The XPS spectra in Fig. S1b show that P-CNTsl,
P-CNTs2 and P-CNTs3 were mainly composed of C,
O and P, and the P-CNTs4 only had C and O ele-
ments (Table 1). The four peaks at 284.8, 285.9,
286.9, and 289.5 eV deconvoluted from C 1s spectra
(Fig. 3) could be attributed to sp*, sp’, C—O and n-r*,

7l The sp’/sp’ carbon ratios increased

respectively
with the synthesis temperature (Table 2) . Meanwhile,
four peaks at 130.6, 132.3, 133.1 and 134 eV in P2p
spectra (Fig. 4) could be ascribed to C—P, C;,—P=0,
C—P—0 and C—O—P, respectively'™.

Fig. 5a and 5b show the HER electrocatalytic
activities of four samples in an acidic medium, which
indicated a gradual increase of their HER activities
with the synthesis temperature. The P-CNTs4 as a

Table 1 Elemental contents in 4 samples
from the XPS.

P
Cc—P C,—P=0 C—0—P C—P-0
P-CNTsl 93.12% 652% 0.191% 0.109%  0.032%  0.028%

Samples C

P-CNTs2 97.52% 2.20% 0.131% 0.082%  0.067% 0
P-CNTs3 97.98% 1.79% 0.119% 0.039%  0.072% 0
P-CNTs4 98.27% 1.73% 0 0 0 0

HER catalyst had an overpotential of 0.266 V at a cur-
rent density of 10 mA cm >, which was the best
among them and superior to most of reported carbon-
based metal-free electrocatalysts''”. Fig. Sc indicated
that the tafel slope (89.1 mV dec™') of P-CNTs4 was
the smallest, suggesting the fastest HER kinetics of P-
CNTs4 among the four samples. Meanwhile, Fig. 5d
showed that the HER activities of four samples de-
creased with the increase of the C—P content, sug-
gesting that C—P species could not promote HER dir-
ectly. Interestingly, their HER activities increased
with the increase of I,/I; values, implying that the
breaking of C—P bonds in them would yield defects
that improved the HER activity (Fig. 5d, Fig. S2). The
Nyquist diagrams in Fig. 5e show that the P-CNTs4
had the smallest semicircle diameter, the least charge
transfer resistance and the fastest catalytic kinetics.
Meanwhile, Fig. 6 and 7 indicated that the HER activ-
ity of the four samples had a positive correlation with
their electrochemically active surface area (ECSA).
And the P-CNTs4 with the best HER activity exhib-
ited an excellent stability as well (Fig. 5f), showing a

good application prospect in future water electrolysis.
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Fig. 3 The high-resolution C 1s spectra of (a) P-CNTsl, (b) P-CNTs2 , (¢) P-CNTs3 and (d) P-CNTs4 .
Table 2 The contents of sp’ and sp’ carbons, C=0, C— O, 7-n* and the ratios of sp’/sp’ carbon from the C 1s spectra.

Samples sp sp’ sp/sp” c—0 -
P-CNTsl 69.74% 8.77% 12.58 10.80% 10.69%
P-CNTs2 66.82% 10.84% 16.22 6.14% 13.73%
P-CNTs3 66.76% 11.66% 17.46 6.58% 12.98%
P-CNTs4 66.07% 14.40% 21.79 5.08% 12.71%
PDCNTs1
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Fig. 4 The high-resolution P2p spectra of (a) P-CNTsl, (b) P-CNTs2, (c) P-CNTs3 and (d) P-CNTs4 .
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Fig. 5 (a) The HER polarization curves of P-CNTs1, P-CNTs2, P-CNTs3, P-CNTs4 and 40 wt% Pt/C catalysts in a N,-saturated 0.5 mol L' H,SO, solution,
(b) Their corresponding overpotentials at the current density of 10 mA cm * and (c) tafel plots from (a), (d) The dependence of the HER current densities (at 300
mV overpotential) of P-CNTs1 (m), P-CNTs2 (m), P-CNTs3 (m), P-CNTs4 (m) on the C-P content and the values of /;,//; (¢) Impedance diagrams of P-CNTsl,
P-CNTs2, P-CNTs3, and P-CNTs4, (f) The HER curves of P-CNTs4 in a 0.5 mol L™' H,SO, medium before and after 1 000 cycles.
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Fig. 6 Cyclic voltammograms of (a) P-CNTsl1, (b) P-CNTs2, (c) P-CNTs3 and (d) P-CNTLs4 in 0.5 mol L™' H,SO, at different scan rates.

Since the breaking of C—P bonds would yield

defects and bring about the improvement of the HER

activity, as confirmed by turnover frequency (TOF)

values at 0.3 V overpotential and the decrease of

C—P contents (Table S3), we employed DFT to cal-
culate the charge and spin densities of carbon atoms
around graphite-P, pyridine-P and pyrrole-P to further

ascertain what defects would form and which carbon
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Fig. 7 The capacitive currents as a function of the scan rate for P-CNTsl,
P-CNTs2, P-CNTs3 and P-CNTs4.

atoms would serve as HER active sites. Interestingly,
results in Fig. 8 and Fig. 9 showed that with the break-
ing of C—P bonds in graphite-P in the CNT network,
pentagon- and nine-membered rings defects would
form. And the decomposition of pyridine-P and
pyrrole-P would form armchair and pentagon zigzag
defects (Fig. S3 and S4). Table 3, Table S1 and S2 in-
dicated that the breaking of graphite-P bond would
bring more changes in charge and spin densities of
carbon atoms in pentagon- and nine-membered ring

defects as compared with that of pyridine-P and

(a) C_Pgraphile (b)

88
- 9

Blank | (©)

After pyrolysis

Fig. 8 (a) The CNTs with a C,-P graphite-like configuration, (b) The blank normal CNT framework and (c) the CNTs with the pentagon- and nine-membered

ring defects formed by the decomposition of C,-P group.

2 H
dc
@r

@ Defect site

Fig. 9 The possible formation mechanism of pentagon- and nine-

membered ring defects with the decomposition of the C,-P group.

pyrrole-P, revealing that these two defects were
mainly the HER active sites. To further explore active
carbon atoms in pentagon- and nine-membered ring
defects, the H" adsorption energy was also calculated
by the DFT. Table 4 demonstrated that the H" adsorp-
tion energies on C3, C4 and C5 in the pentagon de-
fect and those on C1, C9, C10 and C11 in the nine-
membered ring defect were obviously larger than

those of carbon atoms in the blank CNT network, im-

plying that these seven carbon atoms in the two de-
fects were the main HER active sites. Based on this
finding, the possible HER routes were proposed in
Fig. 10.

Table 3 The charge and spin densities (a.u.) of carbon
atoms in the new formed defects after the decomposition of
the C,—P graphite-like structure and those of the corres-
ponding carbon atoms in the blank.

Carbon Charge density Spin density ~ Charge densit,y Spi?Adff:: it}’
atom (Blank) (Blank) (After pyrolysis) pyrolysis)

1 -0.009 0 -0.026 0

) 0 0 0.038 0

3 0 0 -0.067 0

4 0.018 0 -0.009 0

5 -0.014 0 -0.063 0

6 -0.014 0 0.034 0

7 0.035 0 0.030 0

8 —0.153 0 —0.143 0

9 0.016 0 -0.042 0
10 0.002 0 -0.073 0
11 0.002 0 -0.046 0
12 —-0.021 0 0.009 0
13 0.019 0 - —
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Table4 The H" adsorption energies (kcal mol™) on car-

bon atoms in the new formed defects from the decomposi-

tion of the C,—P graphite-like structure and those of cor-
responding carbon atoms in the blank.

Adsorption energies (kcal mol ™)

Carbon atom

Pure CNT (blank) CNT (after pyrolysis)
1 —58.163 —74.825
3 —56.805 -101.009
4 —55.909 —113.664
5 —58.719 —101.588
9 —55.458 —80.907
10 —55.824 —142.826
11 —57.595 —75.465
4 H
dC
< Hass
@ Defect site
-7H, +7H* @ Active site

Fig. 10 The possible HER routes on P-CNTs in an acidic medium.

4  Conclusions

We have systematically explored the influence of
C—P species on the HER performance of P-CNTs
through the experimental investigation and theoretical
calculation. Results indicated that the P-CNT4 had an
overpotential of 0.266 V at the current density of 10
mA cm >, which exhibited a much high HER activity
in an acid medium, and the decomposition of graph-
ite-P species would form defects that boosted the HER
of P-CNTs. DFT calculation further revealed that
about seven carbon atoms in the pentagon- and nine-
membered ring defects were mainly the HER active
sites. This work provides a deep insight into the rela-
tionship between the type of P species and the HER

performance.
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