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It is essential to develop efficient electrocatalysts to generate hydrogen from water electrolysis for hy-
drogen economy. In this work, platinum (Pt) and nickel (Ni) co-doped porous carbon nanofibers (Pt/Ni-
PCNFs) with low Pt content were prepared via an electrospinning, carbonization and galvanic replacement
reaction. Because of the high electrical conductivity, abundant electrochemical active sites and synergistic
effect between Pt and Ni nanoparticles, the optimized Pt/Ni-PCNFs catalyst shows an excellent HER ac-
tivity with overpotentials of 20 mV in 0.5 mol/L H,SO4 and 46 mV in 1 mol/L KOH at a current density of
10 mA/cm?. Furthermore, over 35-h long-term stability has been achieved without significant attenuation.
This work provides a simple route to prepare highly efficient electrocatalysts for water splitting and has
great prospects in the field of renewable energy.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In recent years, due to the limited reserves of fossil fuels and
their causing certain pollutions to the environment, the energy
problem needs to be solved urgently [1,2]. Clean hydrogen energy
has attracted more and more attention from the society. The elec-
trochemical water splitting reaction is regarded as one of the most
important means for the sustainable production of hydrogen [3,4].
The platinum (Pt)-based catalyst is proven to be the most efficient
hydrogen evolution reaction (HER) electrocatalyst so far [5]. How-
ever, due to the high cost and scarcity of platinum on the earth,
reducing the amount of Pt in the catalyst while ensuring high cat-
alytic performance has become a top priority [6]. The integration
of Pt with other low-cost transition metals can effectively reduce
the use of precious metals, and at the same time, due to the syn-
ergistic effect of the two metals, the HER performance of the ma-
terial can be enhanced significantly [7-9]. For example, Ojani and
co-workers reported a facile galvanic replacement strategy to pre-
pare bimetallic Pd/Pt microstructures toward HER, showing a much
better electrocatalytic activity than pure Pt in the acidic electrolyte
[10]. Another example presented the fabrication of Ir/Pt electrodes
via a spontaneous deposition route as efficient HER catalyst in an
alkaline solution, which showed a superior catalytic activity com-
pared with the bare Pt and Ir electrodes [11].

Although Pt-based catalysts display excellent HER performance
in either acidic and alkaline media, a significant challenge of
them toward HER is their unsatisfied stability in alkaline condi-
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tion, which might be related to their poor resistance to alkali cor-
rosion. Therefore, it is a good idea to incorporate Pt clusters or
nanoparticles into a conducting matrix to improve the durabil-
ity of the catalyst. In addition, the conducting matrix can prevent
the aggregation of the Pt nanoparticles and a synergistic effect
may be generated between the active Pt component and the ma-
trix. Among several typical conducting matrices, carbon nanofibers
(CNFs) are considered as a type of superior catalyst matrix due to
their large specific surface area, high electrical conductivity and ex-
cellent stability [12-14]. Electrospinning technology is a simple and
controllable way to produce CNFs [15,16]. Furthermore, through
the manipulation of the composition of the spinning solution and
subsequent carbonization process, the encapsulation of metal and
other ceramic components into the CNFs can be easily achieved,
which is beneficial to promote the electrocatalytic performance
[17-19]. For example, a direct electrospinning-carbonization route
has been developed to prepare both Co and Mo,C nanoparticles
embedded in nitrogen-doped CNFs coupled with carbon nanotubes
(Co/Mo,C-NCNTs) as both efficient HER and oxygen evolution reac-
tion (OER) electrocatalysts in an alkaline medium, however, such
strategy could not ensure the formation of unique interface be-
tween Co and Mo,C components, which significantly affect their
greatly enhanced electrocatalytic activity [20].

Herein, we report the preparation of Pt and nickel (Ni) co-
doped porous carbon nanofibers (Pt/Ni-PCNFs) as highly efficient
HER electrocatalyst through an electrospinning-carbonization-
galvanic replacement process. The replacement reaction between
Ni nanoparticles and H,PtClg enables the formation of Ni and Pt
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Fig. 1. (a) SEM image of Pt/Ni-PCNFs-50. (b) TEM image of a single Pt/Ni-PCNFs-50 nanofiber. (c¢) HRTEM image of a single Pt/Ni-PCNFs-50 nanofiber. (d) EDX spectrum of
Pt/Ni-PCNFs-50 nanofibers. (e) HAADF-STEM image and EDX element mappings of Pt, Ni, C, N and O elements in Pt/Ni-PCNFs-50 nanofibers.

nanoparticles with a unique interface, which is beneficial for the
superior HER performance. Then the optimized Pt/Ni-PCNFs sam-
ple with a low Pt amount shows an excellent HER performance
with a mass activity (MA) of 3.94 and 2.48 times as high as that of
benchmark Pt/C catalyst in acidic and alkaline conditions, respec-
tively. This work provides a new strategy for the construction of
highly efficient HER catalysts.

The overall synthetic route of Pt/Ni-PCNFs mainly involves
four steps. First, an electrospinning way is performed to fabricate
metal organic framework-zeolitic imidazolate framework-8 (ZIF-
8)/polyacrylonitrile (PAN)-polyvinylpyrrolidone (PVP) nanofibers.
Scanning electron microscopy (SEM) images (Figs. Sla and b in
Supporting information) display the uniform fiber-like morphology
with a smooth surface, illustrating the complete encapsulation of
ZIF-8 particles in the fibers. When the PVP is removed, it can also
be clearly seen that porous PAN (PPAN) fibers are obtained result-
ing from the empty space and dense ZIF-8 particles are evenly dis-
tributed throughout the PPAN fibers (Figs. S1c and d in Supporting
information). Second, after a further treatment with the nickel salt,
Ni precursor/PPAN fibers have been achieved, presenting a similar
morphology with that of ZIF-8/PPAN product (Fig. S2 in Supporting
information). Third, the Ni precursor/PPAN fibers are carbonized
under an inert atmosphere to produce Ni/PCNFs. As shown in Fig.
S3a and b (Supporting information), the prepared Ni/PCNFs reserve
the fiber-like morphology while their surface becomes rough, and
a lot of Ni nanoparticles with sizes of tens of nanometers are en-
capsulated in the PCNFs. Furthermore, TEM image can also reveal
the porous structure of the Ni/PCNFs. Finally, through a galvanic
replacement, Pt/Ni-PCNFs with a distinct interface between Pt and
Ni nanoparticles are obtained, which still shows a fiber-like mor-
phology with a diameter ranging from 1.1pm to 1.5um (Fig. 1a).
Similar with those of Ni/PCNFs, Pt and Ni nanoparticles are well
distributed within entire the PCNFs (Fig. 1b). The HRTEM image
(Fig. 1c) shows the crystal plane spacing of 0.20 and 0.23 nm, cor-
responding to the (111) crystal plane of Ni and the (101) crystal
plane of Pt, respectively. More specifically, a distinct interface be-
tween Pt and Ni nanoparticles is observed, which is beneficial for
their electrocatalytic property. In addition, energy dispersive X-ray
(EDX) spectrum exhibits Pt, Ni, C, N and O signals in Pt/Ni-PCNFs
sample (Fig. 1d). Among them, the signal of Pt is relatively weak,
demonstrating the low content of Pt in the sample. The exact per-

centage of Pt in Pt/Ni-PCNFs-50 is further determined by induc-
tively coupled plasma (ICP) measurements, showing a weight per-
centage of 4.3 wt% (Table S1), which is in accordance with the
EDX result. It is worth noting that Si and Cu signals, which appear
in the EDX spectrum, stem from the instrument and TEM sample
support. The high angle annular dark-field scanning TEM (HAADF-
STEM) (Fig. 1e) and EDX element mapping also clearly reveal the
uniform distribution of Pt, Ni, C, N and O elements, indicating that
Pt and Ni are uniformly integrated in the entire PCNFs. Further-
more, we have also investigated the influence of the Pt precursor
content on the formation of Pt and Ni nanoparticles in the Pt/Ni-
PCNFs. It is found that the morphology of the fiber and the size of
Pt and Ni nanoparticles do not change significantly, while the den-
sity of the metal nanoparticles increase a little with the increasing
of the Pt precursor content (Figs. S3c-f in Supporting information).

X-ray diffraction (XRD) patterns reveal the structural informa-
tion of the crystalline properties of the prepared samples, which
are shown in Fig. 2a. The peaks near at 44.5°, 51.8° and 76.4° in
the XRD pattern of Ni-PCNFs can be attributed to the (111), (200)
and (220) crystal planes of Ni (JCPDS No. 04-0850), respectively.
With the introduction of Pt, the characteristic peaks of Pt element
appear in Pt/Ni-PCNFs-50 and Pt/Ni-PCNFs-100. In Pt/Ni-PCNFs-50,
the peak at 39.9° corresponds to the (111) crystal plane of Pt
(JCPDS No. 04-0802). In addition, in Pt/Ni-PCNFs-100, three other
diffraction peaks at 46.4°, 67.5°, and 81.4° corresponding to the
(200), (220) and (311) crystal planes of Pt are also observed,
demonstrating that Ni nanoparticles are partially replaced by Pt
component to form Pt/Ni composite.

X-ray photoelectron spectroscopy (XPS) has been further used
to study the composition and valence of elements in the prepared
catalysts. The full survey spectrum of Pt/Ni-PCNFs-50 shows the
presence of Pt, Ni, C, N and O elements (Fig. S4 in Supporting infor-
mation). Fig. 2b exhibits two peaks of Pt 4f at 72.1 and 75.3 eV, cor-
responding to the Pt 4f;;, and Pt 4fs), tracks, respectively [21,22],
which indicates the successful introduction of Pt. As shown in Fig.
2¢, the XPS fine spectra of Ni 2p can be divided into four peaks,
and the Ni 2p;;, and Ni 2p;, peaks are presented at 855.7 and
873.5eV, respectively, indicating the formation of metallic Ni in
Pt/Ni-PCNFs-50. In addition, two satellite peaks appearing at the
positions of 861.3 and 879.6eV demonstrate the partial oxidation
of Ni to NiO [23,24], which is beneficial to enhance the water
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Fig. 2. (a) XRD patterns of Pt/Ni-PCNFs-25, Pt/Ni-PCNFs-50, Pt/Ni-PCNFs-100 and Ni-PCNFs. XPS spectra of Pt/Ni-PCNFs-50: (b) Pt 4f, (c) Ni 2p, (d) C 1s, (e) N 1s and (f) O
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Fig. 3. HER measurement in 0.5mol/L H,SO,. (a) LSV curves of different catalysts. (b) The overpotentials of different catalysts at 10 and 50 mA/cm?. (c) The MA at the
overpotential of 50mV. (d) Tafel plots derived from corresponding LSV curves. (e) Nyquist plots perform for each sample. (f) The i-t responses of Pt/Ni-PCNFs-50 nanofibers
at an overpotential of 33 mV, the inset shows the LSV curves before and after 500 CV cycles.

dissociation. In Fig. 2d, two peaks of C 1s at 284.4 and 285.0eV
positions correspond to C=C and C-N, respectively [19]. In addi-
tion, three peaks at 398.4, 399.8 and 401.1 eV shown from the high
resolution XPS spectrum of N 1s correspond to pyridine N, pyrrole
N and graphite N, respectively (Fig. 2e) [25]. Fig. 2f shows the O
1s spectrum of Pt/Ni-PCNFs-50, where the O1 peak at 530.0eV can
be interpreted as a metal-oxygen bond. The 02 peak at 531.5eV
has the characteristics of oxygen in hydroxide, indicating the pres-
ence of a certain number of nickel hydroxide on the surface of the
catalyst, which is beneficial to improve the adsorption of water,
thereby increasing the activity of HER. The O3 component with a
peak position of 532.6eV may be related to the physicochemical
adsorption of water molecules by the catalyst [26].

The electrochemical HER measurements of Pt/Ni-PCNFs were
firstly performed in an acidic electrolyte to evaluate the electro-
catalytic performance, with commercial Pt/C and Ni-PCNFs as ref-
erences. Fig. 3a shows the linear sweep voltammetry (LSV) curves

of several catalysts under acidic conditions after iR compensation,
demonstrating that Pt/Ni-PCNFs-50 exhibits even a better electro-
catalytic activity than commercial Pt/C catalyst. Typically, as shown
in Fig. 3b, the overpotentials of several catalysts at current densi-
ties of 10 and 50mA/cm? are compared. Among them, the overpo-
tentials of Pt/Ni-PCNFs-50 are 20 and 62 mV, respectively, which
are lower than that of Pt/Ni-PCNFs-100 (36 and 94mV), Pt/Ni-
PCNFs-25 (72 and 153 mV) and comparable with the Pt/C cata-
lyst (28 and 52 mV), while Ni-PCNFs almost have no HER activ-
ity under the measurement condition. For comparison, we have
also prepared Pt/Ni-CNFs-50 catalyst that is synthesized without
the addition of PVP, showing a higher overpotential of 81 mV
compared with the Pt/Ni-PCNFs-50, which demonstrates that the
porous structure benefits to promote the HER performance (Fig. S5
in Supporting information). In addition, MA is also used to esti-
mate the HER performance of the catalysts. The MA value of Pt/Ni-
PCNFs-50 is the highest among the prepared catalysts, which is



J. Xu, M. Zhong, N. Song et al.

Chinese Chemical Letters 34 (2023) 107359

N
=1
S
O
~
o
o

—~ PUNI-PCNFs-25 H 14
r—— [ Mass activity@100 mV vs. RHE Pl
e [ Overpotentiai@10 mA/cm? O 04 sl
50 1502 = O Ni-PCNFs
F g ® 03 e MJ mVidec
£ -100 g ¥
2 / 1002 % 0.2
E 150 2 E gy
- =~ PUNi-PCNFs-25 - 3 50 ’3\ ﬂ>) 97.6 mVidec
—— PUNi-PCNFs-50 z AT e
-200 =P > 01 438 mvidec 33.4 mVidec
—— 20% PYC 0 0
250 - N N - C 25 50 o0 01
05 04 03 -02 -01 0 ﬁwei‘woﬂv‘:‘wﬁm; oo 02 04 06 08 1 21 2 14
Potential (V vs. RHE) i Log (j/ mA/ecm®)
6 -
d) =0 PUNI-PCNFs-25 (EXP.) e) ® PUNLPCNFe-25 E f) pH 14 PUNI-PCNFs-50
» ® PUNi-PCNFs-25 (Fitting) 5 @ PUNi-PCNFs-50 ‘(&«c %
25 PUNi-PCNFs-50 (EXP.) oot "
« ® PUN-PONFSS0 (Fitng o . ;‘;:g”“ b il 7. - T S—
/Ni-PCNFs-100 (EXP.) / - » 0
’gzo o s PUNI-PCNFs-100 (Fitting) = - NE PUNi-PCNFs-50
= . Ni-PCNFs (EXP.) § 3 8 ~ 5 - pH 14
o5 p: ® Ni-PCNFs (Fitting) P . st~ <20 %
: . < 2 / = £ <100
N 10 . Je* e, - 2 . = £
o o ° e 3 ~ Sam
s 3° % 1 VS 353 mElem’ -30 — Initial
~~ 00, X ‘/" 1200/ —— After 1500 cycle:
0 0.3 0.25 0.2 -0.15 -0.1 005 0
0 4B Potential (V vs. RHE)
5 10 15 20 25 30 35 0 50 100 150 200 0 10 . 20 30
Z' (ohm) Scan rate (mV/s) Time (h)

Fig. 4. The HER measurement in 1mol/L KOH. (a) LSV curves of different catalysts. (b) The MA at the overpotential of 100mV and the overpotentials at 10 mA/cm? of
different catalysts. (c) Tafel plots derived from corresponding LSV curves. (d) Nyquist plots for each sample. (e) The capacitive current density of as-prepared samples at
different scan rates. (f) The i-t responses of Pt/Ni-PCNFs-50 catalyst at an overpotential of 44 mV, the inset shows the LSV curves before and after 1500 CV cycles.

3.94 times as high as that of commercial Pt/C, confirming its ex-
cellent intrinsic electrocatalytic activity toward HER (Fig. 3c).

To further study the reaction kinetics of the catalysts in
0.5 mol/L H,S0y, the Tafel slope diagram is provided in Fig. 3d. The
Tafel slope of Pt/Ni-PCNFs-50 (30.9mV/dec) is smaller than that
of Pt/Ni-PCNFs-100 (36.1 mV/dec) and Pt/Ni-PCNFs-25 (62 mV/dec),
demonstrating its fast reaction kinetics during HER process. In ad-
dition, the electrochemical impedance of the catalysts has also
been tested. The equivalent circuit diagram of the impedance curve
fitting process is shown in Fig. S6 (Supporting information). As
shown in Fig. 3e, Pt/Ni-PCNFs-50 sample shows the smallest semi-
circle, and the fitted charge transfer resistance (Rc) is calculated to
be 16.6 €2, which is smaller than other control catalysts, indicat-
ing the high conductivity and fast electron transfer rate of Pt/Ni-
PCNFs-50 catalyst.

Durability is also an important parameter to evaluate the per-
formance of electrocatalysts. The chronoamperometric measure-
ment is carried out by loading the catalyst on a carbon paper (Fig.
3f). After over 35h of continuous testing, the current-time (i-t)
curve of Pt/Ni-PCNFs-50 catalyst shows a good stability, and there
was no significant drop in the overall current trend. The slight fluc-
tuation of the curve may be due to the accumulation and release
of bubbles on the electrode surface. In addition, continuous CV cy-
cles are conducted on the RDE to show that the LSV curve of the
Pt/Ni-PCNFs-50 recorded after 500 cycles shows a little decreas-
ing overpotential to reach 10 mA/cm?2 compared to the initial curve
(Fig. 3f, inset), demonstrating the moderate long-term stability of
the Pt/Ni-PCNFs-50 catalyst in an acidic medium.

In addition to the acidic medium, Pt/Ni-PCNFs-50 also exhibits
an excellent HER performance in an alkaline solution. Fig. 4a
shows the LSV curves of different catalysts in 1.0 mol/L KOH af-
ter iR compensation. It is found that the prepared Pt/Ni-PCNFs-
50 shows a low overpotential of 46 mV when the current den-
sity j=10mA/cm?2, which is lower than Pt/Ni-PCNFs-100 (53 mV),
Pt/Ni-PCNFs-25 (85mV), Ni-PCNFs (353 mV), and the Pt/Ni-CNFs-
50 catalyst that is synthesized without the addition of PVP (86 mV)
(Fig. S5 in Supporting information). This overpotential is a lit-
tle higher than that of commercial Pt/C catalyst (36 mV), how-
ever, the MA value of Pt/Ni-PCNFs-50 is the highest among all
the control catalysts, which is even 2.47 times as high as that of
20% Pt/C, presenting its excellent intrinsic electrocatalytic activ-

ity toward HER in an alkaline condition (Fig. 4b). The Tafel plots
have also been obtained from the LSV curves (Fig. 4c), demon-
strating a lower value of Pt/Ni-PCNFs-50 (43.8 mV/dec) than Pt/Ni-
PCNFs-100 (71.2mV/dec), Pt/Ni-PCNFs-25 (97.6mV/dec), and Ni-
PCNFs (152.8 mV/dec), illustrating the fast inherent HER reaction
kinetics and charge transfer rate in alkaline solution.

We have also tested the electrochemical impedance of the cata-
lysts in 1 mol/L KOH electrolyte. From Fig. 4d, it can be found that
the prepared Pt/Ni-PCNFs-50 has R; of 9.04 2, which is closely re-
lated to its good electron transport ability and efficient reaction ki-
netics. To estimate the electrochemically active surface area (ECSA)
of Pt/Ni-PCNFs, the electrochemical double-layer capacitance (Cy;)
is calculated by cyclic voltammetry (CV) measurements. From Fig.
S7 (Supporting information), the Cy; value of Pt/Ni-PCNFs-50 is cal-
culated to be 27.23 mF/cm?2, which is higher than that of Pt/Ni-
PCNFs-100 (19.79 mF/cm?2), Pt/Ni-PCNFs-25 (14.82 mF/cm?2), and Ni-
PCNFs (3.53 mF/cm?) (Fig. 4e). As the ECSA is proportional to the
Cq1, the largest Cy value indicates that Pt/Ni-PCNFs-50 possesses
the largest exposed active sites resulting from the porosity of the
material and the unique interface between Ni and Pt NPs, which is
beneficial for the superior HER performance. Finally, we tested the
long-term stability of Pt/Ni-PCNFs-50 under an alkaline condition.
As shown in Fig. 4f, after over 35h of continuous testing, the cur-
rent density of the catalyst does not change much, demonstrating
the excellent durability. Moreover, the current density hardly de-
creased after 1500 CV cycles, which also illustrates the favorable
stability of the catalyst (Fig. 4f, inset).

Furthermore, the Pt/Ni-PCNFs-50 catalyst is thoroughly charac-
terized after HER process to understand the mechanism of the fa-
vorable stability. Firstly, the morphology and chemical structure of
the Pt/Ni-PCNFs-50 catalyst after the HER stability test in an al-
kaline medium have been studied. As shown in the SEM image
(Fig. S8a in Supporting information), the fiber structure of Pt/Ni-
PCNFs-50 is well maintained. XRD and XPS measurements have
also been used to characterize the chemical structure of the Pt/Ni-
PCNFs-50 catalyst after the HER measurement in 1 mol/L KOH elec-
trolyte, both showing the similar typical peaks with the initial
Pt/Ni-PCNFs-50 catalyst (Figs. S8b-d in Supporting information).
Similarly, the SEM image and XRD pattern of the Pt/Ni-PCNFs-50
catalyst after the stability test in an acidic medium have also pre-
sented the identical morphologies and chemical structures with
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the initial electrocatalyst (Fig. S9 in Supporting information). These
results suggest that the Pt/Ni-PCNFs catalyst is highly stable during
the long-term HER process.

The superior HER performance of Pt/Ni-PCNFs-50 in both acidic
and alkaline media can be ascribed to the following factors: (1)
PCNFs are excellent conducting substrate with a favorable chemi-
cal stability, which can inhibit the corrosion of Pt and Ni nanopar-
ticles. Furthermore, the porous structure is conducive to the entry
of electrolyte and the release of generated gas during the HER pro-
cess. (2) The encapsulation of Pt and Ni nanoparticles derived from
the framework of ZIF-8 provides more exposed electrochemical ac-
tive sites, resulting in fast dynamics and excellent HER activity. (3)
The distinct interface between Pt and Ni nanoparticles can regulate
their electronic structure to improve the adsorption of the reaction
intermediates and the desorption of the hydrogen product, exhibit-
ing a synergistic catalytic effect toward HER.

In summary, we have demonstrated a simple and efficient strat-
egy to prepare a new HER electrocatalyst with an excellent electro-
catalytic performance in both acidic and alkaline media. The HER
performance is greatly influenced by the Pt content in the Pt/Ni-
PCNFs. Due to the advantages of the conducting and porous struc-
ture of PCNFs as well as the synergistic effect between Pt and Ni
nanoparticles, the prepared Pt/Ni-PCNFs show a superior HER ac-
tivity with low overpotential and large MA as well as excellent
long-term stability. All in all, this work offers a novel route to fab-
ricate high-efficiency HER electrocatalysts and broadens their ap-
plications in the field of energy conversion and storage.
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