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Atomic Layer Deposition of NiOOH/Ni(OH), on PIM-1-
Based N-Doped Carbon Nanofibers for Electrochemical
Water Splitting in Alkaline Medium

Bhushan Patil,*™ Bekir Satilmis,™® Mohammad Aref Khalily,” and Tamer Uyar*®™ ¢

Portable and flexible energy devices demand lightweight and
highly efficient catalytic materials for use in energy devices. An
efficient water splitting electrocatalyst is considered an ideal
future energy source. Well-aligned high-surface-area electro-
spun polymers of intrinsic microporosity (PIM-1)-based nitro-
gen-doped carbon nanofibers were prepared as a free-stand-
ing flexible electrode. A non-noble-metal catalyst NiOOH/
Ni(OH), was precisely deposited over flexible free-standing
carbon nanofibers by using atomic layer deposition (ALD). The
morphology, high surface area, nitrogen doping, and Ni states
synergistically showed a low onset potential (77,;s=—40 and
Noer=290 MV vs. reversible hydrogen electrode), small overpo-
tential at #,, [oxygen evolution reaction (OER)=390.5 mV and

Introduction

The future of flexible energy devices demands pioneering
breakthrough design of cheap, sustainable, and efficient sys-
tems for the conversion and storage of renewable energy. The
production of hydrogen and oxygen through water splitting
seems a promising solution through the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER) owing
to its high energy conversion efficiency, negligible environ-
ment pollution, and potentially wide range of applications
such as fuel cells and hydrogen production. The Pt-group
metals and Ir/Ru-based compounds have been the benchmark
state-of-the-art catalysts for the HER and OER, respectively."?
Despite the better catalytic activity of these catalysts, their
high cost, scarcity, and poor stability limit their commercial
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hydrogen evolution reaction (HER) = —147 mV], excellent kinet-
ics (Tafel slopes for OER=50 mVdec ' and HER=41 mVdec '),
and high stability (> 16 h) towards water splitting in an alkaline
medium (0.1 m KOH). The performance was comparable with
that of state-of-the-art noble-metal catalysts (e.g., Ir/C, Ru/C for
OER, and Pt/C for HER). Post-catalytic characterization with X-
ray photoelectron spectroscopy (XPS) and Raman spectroscopy
further proved the durability of the electrode. This study pro-
vides insight into the design of 1D-aligned N-doped PIM-1
electrospun carbon nanofibers as a flexible and free-standing
NiOOH/Ni(OH), decorated electrode as a highly stable nanoca-
talyst for water splitting in an alkaline medium.

and widespread use. Therefore, enormous efforts have been
devoted to replacing these catalysts with non-noble-metal-
based, abundant, and highly efficient electrocatalysts for water
splitting such as VSe,,® Co oxide,*! and Fe oxide.!” The chal-
lenge of using such non-noble-metal catalysts for water split-
ting in an alkaline solution is their instability. Ni has a similar
binding energy with hydrogen as Pt”® and has been widely
considered and applied as a water-splitting catalyst in various
forms such as sea-urchin-shaped Ni;(VO,),,® bimetallic NiMoN
nanowires,"” and Ni;Se,."" Therefore, Ni and Ni oxides are
promising non-noble-metal catalysts for the replacement of ex-
pensive noble-metal catalysts. Ni oxide has already been
shown to be an efficient OER catalyst in alkaline media.""
However, to the best of our knowledge, no studies have
shown an effective catalytic activity of NiOOH/Ni(OH),-coated
carbon nanofiber electrodes towards HER in alkaline media.
Furthermore, an ideal catalyst must be efficient in the
same pH range for both HER and OER. Therefore, we used
NiOOH/Ni(OH), as a facile catalyst for water splitting in alkaline
media.

Electrospinning is a widely used technique for the synthesis
of controlled dimensional free-standing nanofibers owing to its
versatility and simplicity." Electrospun free-standing carbon
fibers have been used for several different applications includ-
ing photocatalysis,">' supercapacitors,’” sensors,"®'? and
water filtration.?>?" The polymer of intrinsic microporosity
(PIM-1) has a high fractional free-volume (26 %) and is reported
to have a BET surface area of 760 m?g~". Therefore, among car-
bonized fibers, PIM-1-based ultrafine carbon nanofibers have a
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high surface area with a microporous morphology, which are
desired characteristics for the selection of an electrode materi-
al.”? Furthermore, simple pyrolysis of such electrospun ultra-
fine PIM-1 fibers can produce nitrogen-doped carbon fibers.”"
Nitrogen-doped carbon fibers are more efficient than normal
carbon fibers in water splitting.”® In addition, nitrogen-doped
carbon fibers act as an excellent stabilizer for metal nanoparti-
cles.”" Therefore, electrospun PIM-1-based aligned nitrogen-
doped carbon nanofibers (PIM-CF) were chosen for the fabrica-
tion of free-standing flexible electrodes to deposit NiOOH/
Ni(OH), catalyst. Furthermore, binders used in electrocatalysts
increase the resistance of the electrode and deplete the cata-
lytic performance. Therefore, it is always preferable to avoid
using a binder or to design binder-free electrodes.”>* From
this perspective, N-doped PIM-CF provides a binder-free sup-
port for the NiOOH/Ni(OH), catalyst.

Precise, uniform, and atomic-level deposition of metals and
metal oxides by using atomic layer deposition (ALD) has
become an attractive tool owing to its self-limiting nature.””*®
The ALD process is based on the binary reaction in a sequen-
tial fashion with atomic-level control.”® To grow the desired
thickness of the material, these binary steps are repeated and
the conditions reflect the deposition per ALD cycle.*® It has
been reported as a versatile technique for the functionalization
of electrospun fibers with numerous metal oxides such as
Pt," Pd? Zn,B¥ and Ru In addition, controlling the
facets® and operating at a lower temperature than a conven-
tional chemical vapor deposition technique widens its applica-
tion for numerous nanoparticles and thin-film deposition.
Therefore, the ALD method was chosen to prepare a uniform
thin coating of Ni oxyhydroxy catalysts on PIM-CF.

Herein, we report a simple and controlled synthesis of flexi-
ble, free-standing, binder-free, atomically deposited NiOOH/
Ni(OH), on well-aligned N-doped PIM-CF and its application to-
wards overall water splitting (i.e., HER and OER) in an alkaline
medium. The stability of these electrodes was measured by
cyclic voltammetry (CV) and chronoamperometry (CA), and the
structure of the material post-catalysis, specifically, the state of
Ni and carbon, was characterized by X-ray photoelectron spec-
troscopy (XPS) and Raman spectroscopy. To the best of our
knowledge, this is the first report of ALD of NiOOH/Ni(OH), on
free-standing flexible PIM-CF for OER and HER catalysis in an
alkaline medium.

Results and Discussion

Electrospun PIM-1 fibers have a bright yellow color that com-
pletely changes and turns into carbon black after carboniza-
tion, as shown in Figure TA. ALD of NiOOH/Ni(OH), does not
have any visible influence on the fiber morphology. The free-
standing PIM-1 fibers exhibit significant bending stability,
which is maintained after carbonization and ALD of the
NiOOH/Ni(OH), coating (Figure 1B,C). The SEM image of PIM-
CF showed well-aligned carbon fibers with an average diame-
ter of approximately 2 um (Figure 1D and Figure S1 in the Sup-
porting Information). The characterization of PIM-1 is now
well-documented; it shows characteristic nitrile stretches in the
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Fourier-transform IR (FTIR) spectra.’® An absence of the char-
acteristic nitrile (2240 cm™') and ether stretches (1265 cm™)
was observed for PIM-CF (Figure 1E), which indicated the suc-
cessful carbonization of PIM to PIM-CF.”® The powder X-ray dif-
fraction (PXRD) pattern of PIM-CF (Figure S2 in the Supporting
Information) displayed a typical characteristic (100) graphene
plane associated with the 2.05 A peak of PIM-CF2” It has been
reported that pristine and partially carbonized PIM has a broad
trimodal XRD pattern sintered into amorphous carbon configu-
rations, which was absent in PIM-CF and further confirmed the
complete carbonization of PIM-1.%” From a molecular perspec-
tive, to characterize the molecular structure of the materials in
a meaningful manner, it was necessary to measure the Raman
spectrum. Raman peaks (Figure 1F) were deconvoluted in to
D, G, D3, and D4 at 1315, 1590, 1522, and 1169 cm™' represent-
ing disordered, graphitic, sp’>-sp® carbon bonds, and amor-
phous carbon, respectively.'” The Ip/l; ratio of the intensities
of the D and G bands is the measure of crystallinity or degree
of ordered carbon molecules, which was 1.68 for PIM-CF. The
ratio was in close agreement with the reported value for car-
bonized PIM-1 (Ip/lg=1.8).2"

XPS high-resolution spectra of carbon, nitrogen, and oxygen
are shown in Figure 1G and H and Figure S3B in the Support-
ing Information, respectively. The C1s spectrum (Figure 1G) in-
dicated that the largest peak at 284.8 eV was associated with
graphitic carbon, whereas the peaks at 285.5, 286.0, and
(288+0.2) eV were assigned to C—OH/C—N, C(=0/C—0-C, and
C=0/C=N, respectively. The N1s spectrum (Figure TH) clearly
showed the presence of nitrogen doping in PIM-CF with pyri-
dinic, pyrrolic, and graphitic nitrogen assigned to the peaks at
398.3, 400.0, and (401.1+0.2) eV, respectively. The atomic con-
tribution of carbon, oxygen, and nitrogen were 92.05, 4.99,
and 2.96 %, respectively. Although the oxygen content in PIM-
CF was very low, the O 1s spectrum (Figure S3B in the Support-
ing Information) was deconvoluted to understand the contri-
bution from C—0O, C=0, and chemisorbed water molecules at
530.0, 532.5, and (534.0+0.2) eV, respectively.

The morphology of Ni@PIM-CF and the distribution of Ni on
PIM-CF was analyzed by SEM (Figure 2A, and Figures S4 and
S5 in the Supporting Information) and TEM (Figure S6 in the
Supporting Information). The SEM images of PIM-CF (Fig-
ure 1D) and Ni@PIM-CF (Figure 2 A) were analogous with each
other, indicating negligible morphology changes after NiOOH/
Ni(OH), deposition and ozone treatment during ALD of PIM-CF.
The uniform distribution of the NiOOH/Ni(OH), on PIM-CF was
confirmed by elemental mapping (Figure 2B), which indicated
an atomic ratio of 81.14, 15.22, and 0.63 for C, O, and Ni, re-
spectively. The elemental energy dispersive X-ray spectroscopy
(EDS) line map confirmed the Ni-coating over PIM-CF, which
was further confirmed by multipoint EDS (Figure S6 in the Sup-
porting Information). The FTIR spectrum of Ni@PIM-CF showed
a broad peak at 3460 cm™' corresponding to the O—H vibration
of a hydrogen-bonded water molecule in the inter-lamellar
space of NiOOH/Ni(OH), and v-Ni—OH vibrations at <500 cm™'
(Figure 2C).P%*% The XRD pattern with a slight hump at a 20
value of 36° and increase in the area under the peak at 43°
was attributed to the presence of Ni (111) and Ni (200) facets
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Figure 1. A) A representative photograph of PIM-1, PIM-CF, and Ni@PIM-CF. B) The free-standing flexible PIM-1 and C) Ni@PIM-CF. D) SEM image of PIM-CF
(scale bar: 10 um). E) FTIR spectra of PIM-1 and PIM-CF. F) Raman spectra of PIM-CF. High-resolution XPS spectrum of G) carbon and H) nitrogen in PIM-CF.

of Ni(OH), (Figure S2 in the Supporting Information).®® The I/
I ratio of the Raman spectra changed from 1.66 to 1.48 after
Ni deposition on Ni@PIM-CF, which showed an increase in
graphitic carbon or a decrease in disordered carbon after
NiOOH/Ni(OH), deposition (Figure 2D). This was expected
owing to a favorable reaction between the disordered carbon
and O, rather than the graphitic carbon, which led to a faster
decomposition of the disordered carbon during NiOOH/
Ni(OH), deposition. The increase in the intensity of the C=0/
C=N peak in Ni@PIM-CF compared with that in PIM-CF was as-
signed to a functionalized carbon surface or to the change in
the nitrogen doping position owing to O; exposure during
ALD. The O, treatment can increase the amount of C=0.
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The high-resolution XPS spectra further confirmed the state
of the Ni on Ni@PIM-CF (Figure 2F). This Ni2p,, spectrum did
not contain the characteristic peaks for metallic Ni, that is, Ni°
and NiO, at 852.6 and 854.5 eV, respectively. The absence of a
low-binding energy feature at 530.1 eV, which was assigned to
the lattice oxygen NiO, further ruled out the presence of NiO
in Ni@PIM-CF (Figures S3B and S7B in the Supporting Informa-
tion). Ni2P;,, had a maximum binding energy of approximately
856 eV, indicating presence of a NiOOH/Ni(OH), mixture. This
mixture had high binding energy signals at 531.4eV (O1s),
which further confirmed the presence of oxyhydroxide species
of Ni in Ni@PIM-CF. However, the oxygen XPS spectrum was
expected to be a cumulative contribution from NiOOH/Ni(OH),

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. A) SEM image of Ni@PIM-CF (scale bar: 10 um) with B) elemental mapping of carbon, oxygen, and nickel. C) FTIR, D) Raman, and high-resolution XPS

spectra of E) carbon and F) nickel for Ni@PIM-CF.

and C—OH/C—O—C/C=0. Therefore, to confirm the oxyhydrox-
ide state of Ni, the 3d state feature in the valance band was
measured; the lack of an intense peak at 2.4 eV further proved
the absence of NiO and the presence of the NiOOH/Ni(OH),
with an intense peak at approximately 3 eV as reported previ-
ously (Figures S3C and S7C in the Supporting Information).*”
Overall, the high-resolution spectra of Ni and O and the val-
ance-band position validated that Ni was present in Ni@PIM-CF
as a mixture of NiIOOH/Ni(OH),.“>*Y The C1s spectra of PIM-CF
and Ni@PIM-CF clearly showed that oxygenated carbon [285.5,
286.0, (288 +£0.2) eV] increased after NiOOH/Ni(OH), deposition
owing to the reaction between O; and PIM-CF. Overall, the
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atomic O/C ratio increased from 0.054 to 0.82 after NiOOH/
Ni(OH), deposition.

According to inductively coupled plasma-mass spectrometry
(ICP-MS), 0.95% Ni was loaded on Ni@PIM-CF. Thermogravi-
metric analysis (TGA, Figure S8 in the Supporting Information)
of PIM-CF and Ni@PIM-CF confirmed the formation of some
functional groups during Ni deposition that decomposed
above 400 °C in Ni@PIM-CF. Therefore, it also proved the for-
mation of partial amorphous carbon during Ni ALD, which was
in line with the Raman spectra. The surface areas measured by
N, adsorption isotherms by multipoint analysis according to
the Brunauer-Emmet-Teller (BET) model for PIM-CF and

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Ni@PIM-CF (Figure S9 in the Supporting Information) A°
were 53 and 239 m?’g~’, respectively. Because the

whole BET surface area is not electrocatalytically o
active, an electrochemically active surface area E.
(ECSA) was estimated. The ECSA was estimated from <
the charge of the reduction of Ni(OH), to Ni with the =
charge density of 514 uCcm,, 2 for one monolayer
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of OH adsorption on the flat Ni surface (Figure S10 in -05
the Supporting Information),  which was

Log j, / mA cm™2

0.028 cm~2¥? The roughness factor (RF) was estimat- &
ed by dividing ECSA by the geometric surface area,
that is, 0.056." Conventionally, it has been accepted
that 10% efficient solar water-splitting devices
should operate at 10 mAcm 2, below approximately
0.45 V overpotential (17,,) for overall OER and HER."” 10

1/ mA cm2

11 mA cm-2

a

20

Therefore, 7,, values at 10 mAcm™? were analyzed 2
and compared with those for Pt/C and Ru/C. The im- o
portant analysis and results of HER and OER such as
onset overpotential, potential to reach the current
densities (j;) at 10 mAcm™ based on the geometric
area, turnover frequency (TOF), and mass activity
were compared and are summarized in Table 1 (cal-
culation details are elaborated in the Supporting In-
formation).

The hydrogen evolution was studied in 0.1m KOH, and re-
sults were compared with the standard Pt/C catalyst, which is
reported as the best HER catalyst so far.**! The electrocatalytic
activity of PIM-CF, Ni@PIM-CF, and Pt/C towards HER in 0.1m
KOH was screened through linear sweep voltammetry (LSV;
Figure 3A). The drastic anodic shift of approximately 190 mV in
the onset potential of Ni@PIM-CF compared to PIM-CF noticea-
bly disclosed an effect of NiOOH/Ni(OH), catalyst deposition
on PIM-CF. The onset potential of HER over Ni@PIM-CF was
comparable with the Pt/C catalyst (Figure 3A) and anodic with
previously reported NiO, Ni nanomaterials™! catalysts reported
previously. The TOF value and exchange current density (iy) ob-
tained for Ni@PIM-CF and Pt/C were 0.029s' and
0.82mAcm™? and 0.035s' and 0.86 mAcm™, respectively,
which showed that the HER over Ni@PIM-CF produced almost
an equivalent amount of hydrogen as over Pt/C. The portable
and flexible energy devices must be lightweight with better
HER efficiency. In this context, mass activity was measured to
evaluate the efficient catalytic activity of Ni@PIM-CF and Pt/C
towards HER. Ni@PIM-CF had a mass activity of 122.55 Ag™'
whereas that of Pt/C was 70.68 Ag™'; therefore, Ni@PIM-CF
was a more efficient HER catalyst than Pt/C (20% PtC with
<5 nm particle size) in terms of the mass activity.

0.4

YY) 20000 40000 60000

03 02 -01
E/Vvs.RHE Time/s

Figure 3. A) LSVs measured over PIM-CF and Ni@PIM-CF towards HER with a sweep rate
of 1 mVs™" under N,-saturated 0.1 M KOH and B) Tafel plots (data used from Figure 3 A).
C) LSVs measured after 1000, 2000, 3000, and 4000 CVs (potential —0.2 to 1.0 V vs. RHE
at 100 mVs™') with a sweep rate of 1 mVs™' and D) durability with CA (after CV measure-
ments) over Ni@PIM-CF towards HER.

HER is generally a process through the Volmer, Heyrovsky,
and Tafel reactions [Eqs. (1)-(3)]. In addition, HER in alkaline
media could be a process through two possible pathways, that
is, Volmer-Heyrovsky or Volmer-Tafel pathways."**¥

H,0+e — H, +OH" Volmer reaction (1)
H,O+H,y+e — H, + OH~ Heyrovsky reaction (2)
H.,g +H,y — H, Tafel reaction (3)

In either pathway, the first process (Volmer) involves adsorp-
tion of a water molecule on the catalyst followed by splitting
of H,0 into H,y and OH". As postulated, Ni*" or more unfilled
d orbitals can electrostatically adsorb OH~ on Ni(OH),“**
whereas nearby NiOOH or Ni° would facilitate H adsorption.”*®
Therefore, the Volmer process involves synergistic HER activity
of NiOOH/Ni(OH), similar to NiO/Ni.”¥ It further avoids surface
poisoning by OH™ or H* adsorption in contrast to pure Ni or
NiO catalysts.*” Although an applied potential can reduce Ni"
into its low oxidation state of Ni°, this process is not necessary
completed, as reported in the literature.*”” The slopes of the
Tafel plots obtained over Ni@PIM-CF were close to 40 and not
120 mVdec™', which further proved that the rate-limiting step

Table 1. Electrochemical results of different catalysts towards HER in 0.1 M KOH.

Catalyst 7 7™ Tafel slope i ji TOF i MA
[mV] [mV] [mVdec™] [mAcm™3 [mAcm™ [s7 [mAcm™3] [Ag™]
PIM-CF ~230 - 73 - - - - -
Ni@PIM-CF —40 —147 41 10 0.42 0.029 0.82 1225
Pt/C —10 —81 32 22 0.64 0.035 0.86 70.68

[a] Onset potential. [b] 7 at 10 mAcm 2 [c] at n=—0.147 V.
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Figure 4. Post-catalysis analysis after HER durability studies by A) Raman
spectroscopy and B) high-resolution Ni-XPS obtained for Ni@PIM-CF.

was not the Volmer reaction but the Heyrovsky reaction,
whereas in the case of Pt/C, the Tafel slope was close to
30 mVdec™', indicating that the Tafel reaction was the rate-lim-
iting step.*® Therefore, we propose that the HER mechanism
over Ni@PIM-CF favored the Volmer-Tafel pathway whereas Pt/
C favored the Volmer-Heyrovsky pathway.

In addition to all these properties, the durability or =5
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fore, partial removal of NiOOH/Ni(OH), owing to the changes
in the PIM-CF structure cannot be ruled out. Overall, compara-
ble TOF values, i,, and onset potential of Ni@PIM-CF with Pt/C
and a higher mass activity and lower cost of Ni in comparison
with Pt makes Ni@PIM-CF a better catalyst for use in water-
splitting devices.

The sluggish kinetics and large overpotential (170) required
for OER demands new efficient and stable catalyst for the OER.
The OER catalysis over Ni@PIM-CF was analyzed by LSV (Fig-
ure 5A). The cathodic shift in the onset potential obtained
over Ni@PIM-CF as compared with PIM-CF unambiguously
demonstrated the catalytic activity of NIOOH/Ni(OH), towards
OER (important parameters are summarized in Figure 6). The
overpotential was estimated as 7o =E [vs. reversible hydro-
gen electrode (RHE)]—1.23 VY The TOF value measured at
390.5 mV was 0.029, which was approximately threefold®=" or
1.5-fold®? higher than for IrO,. Furthermore, 7o, at
10 mAcm 2 over Ni@PIM-CF was 390.5 mV, which was close to
the 770, at 10 mAcm™2 over RuO, (390 mV)” and Ni@NC
(390 mV).”® The OER mechanism over Ni@PIM-CF was a com-
plex reaction, as described in Scheme 1. The Tafel slope ob-
tained over Ni@PIM-CF was approximately 50 mVdec™', which
was close to 60 mVdec™ (Figure 5B). Therefore, the rate-limit-
ing step was expected to be the conversion of SOH to SO, as
shown in the OER mechanism."?

The stability of Ni@PIM-CF towards OER was analyzed by CV
measurements for 4000 cycles in the potential window of 0.7
to 1.7V vs. RHE at a sweep rate of 100 mVs~". The LSVs mea-
sured after every 1000 cycles are shown in Figure 5C. The du-
rability of the same electrode was further evaluated by contin-
uous oxygen production with CA (Figure 5D). The Ni@PIM-CF
electrode was characterized after OER to determine the states
of Ni and carbon composition with high-resolution XPS and
Raman spectroscopy (Figure 7). The XPS spectrum of Ni resem-

stability of the catalyst is another important charac- A
teristic feature to evaluate the efficiency of the cata-
lyst. Therefore, the stability of Ni@PIM-CF was ana-
lyzed by measuring 4000 CVs followed by continu-
ous hydrogen production by chronoamperometry
(the same electrode was used after CV measure-
ments) at 12mAcm™2 for 16 h (Figure 3C,D). The 0
LSV measured after 4000 cycles showed a slight

204

1/ mA cm?

=
-

= Ni@PIM-CF
¢ PIM-CF

~—— Ni@PIM-CF
—— PIM-CF

0ER/V vs. RHE w
S

cathodic shift in the HER catalysis (Figure3C) and (C
almost constant hydrogen production for 16 h (Fig- y
ure 3D). The structural and compositional stability of £
the Ni and carbon in Ni@PIM-CF after HER stability b
(CV and CA) were also studied through XPS and =
Raman spectroscopy (Figure 4A,B). A slight shift to-

wards a lower binding energy was observed in the o]

XPS spectrum of Ni, which was attributed to the par-
tial reduction of Ni" to Ni" as an effect of the applied
potentials during HER (Figures 2, 4B). The atomic
percentage of Ni was altered from 8 to 3% in com-
parison with the pristine Ni@PIM-CF. The Ip/l; ratio
was 2.3 after HER measurements (Figure 4A). There-
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Figure 5. A) LSVs measured over PIM-CF and Ni@PIM-CF towards OER with a sweep rate
of 1 mVs™" in N,-saturated 0.1 m KOH and B) Tafel plots (data used from Figure 5A).

C) LSVs measured after 1000, 2000, 3000, and 4000 CVs (potential range 0.7 to 1.7 V vs.
RHE at 100 mVs ™) with a sweep rate of 1 mVs~' and D) durability with CA (after CV sta-
bility measurements) over Ni@PIM-CF towards OER.
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Figure 6. Summary of important OER properties (data used from Fig-
ure 5A, B).
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Scheme 1. OER mechanism over Ni@PIM-CF in which S=surfaquo group
(red dotted circle) and the rate-limiting step is shown in a blue dotted
square.['?

bled that of the pristine Ni@PIM-CF, which demonstrated that
Ni remained in the oxyhydroxy state after OER, which was ex-
pected owing to the high positive applied potential. The
atomic percentage of Ni after OER was slightly decreased by
0.85% compared to before, which was attributed to the partial
breaking of the C—C bonds, which ultimately resulted in the re-
moval of NiOOH/Ni(OH), from the electrode surface. Raman
spectroscopy was performed to evaluate stability of PIM-CF
fibers before and after OER. The small increase in the I/l ratio
from 1.66 to 1.7 inferred partial breaking of the C—C bonds.
This supported the slight decrease in the Ni atomic percentage
in the XPS analysis.

LSV measurements were also performed after bending fol-
lowed by re-straightening of the electrodes (Figure S11 in the
Supporting Information). Negligible differences were observed
after bending followed by re-straightening of the electrodes,
which further proved the flexibility of the electrode with com-
parable catalytic activity with regard to bending and non-
bending position. Finally, PIM-CF fibers, owing to their aligned
porous support, behaved like a bunch of 1D fibers that can
easily diffuse gas and intermediate products to and from the
electrode and solution. Furthermore, ALD-decorated NiOOH/
Ni(OH), on PIM-CF was highly stable, which might be owing to
crucial association between nitrogen and Ni, as depicted earli-
er.”? NiOOH/Ni(OH), ALD-coated, free-standing, flexible, well
aligned, binder-free, electrospun PIM-1 N-doped carbon fibers
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Figure 7. Post-catalysis analysis after OER durability studies by A) Raman
spectroscopy and B) high-resolution Ni-XPS obtained for Ni@PIM-CF.

showed stable and high catalytic activity towards both HER
and OER in alkaline media.

Conclusions

The electrospun polymers of intrinsic microporosity (PIM-1)
fibers retained their flexibility after carbonization and even
after atomic layer deposition (ALD) of NiOOH/Ni(OH),. There-
fore, Ni@PIM-CF was achieved. The NiOOH/Ni(OH), ALD-modi-
fied, 1D-aligned, N-doped, electrospun PIM-1 carbon nanofib-
ers (PIM-CF) proved to be a highly efficient nanocatalyst to-
wards hydrogen (HER) and oxygen evolution reaction (OER) in
an alkaline medium. The low cost of Ni materials, abundant
availability, almost equivalent catalytic activity with the bench-
mark catalysts, and stability makes this electrode material
highly efficient. In addition, the free-standing, binder-free, and
flexible properties of this electrode enhance its applicability in
flexible energy devices. In summary, Ni@PIM-CF showed re-
markable turnover frequencies (0.029s™") with small Tafel
slopes of 41 and 50 mVdec™' for HER and OER, respectively,
and small overpotential, which makes it a highly efficient and
kinetically enhanced catalysts for HER and OER at the same pH
value. A durability study under cyclic voltammetry and contin-
uous H, and O, production with chronoamperometry clearly
demonstrated its stability over a long duration (>16 h). The
combination of nitrogen-doped PIM-CF with ALD of NiOOH/

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Ni(OH), renders Ni@PIM-CF as a promising flexible free-stand-
ing electrode with efficient catalysis and long-term stability for
water splitting in an alkaline medium.

Experimental Section
Synthesis of electrospun PIM-1

The synthesis and characterization of PIM-1 powder as well as the
electrospinning process were reported in our previous study.®”
PIM-1 powder was dissolved in 1,1,2,2-tetrachloroethane to make a
solution with a 23 wt% concentration. This solution was heated at
60°C for 1 h with stirring at 500 rpm. It was stirred at room tem-
perature overnight and degassed prior to electrospinning. The
electrospinning was performed with a 3 mL syringe equipped with
a blunt metal needle with a 0.5 mm inner diameter, a syringe
pump (KD scientific, KDS 101), and an aluminum-foil-wrapped
metal plate. 2 mL of PIM-1 solution was pumped at a rate of
0.5 mLh™" with an applied potential of 11-12 kV and a distance be-
tween the needle and metal plate of 18 cm. The fibers were sepa-
rated from the aluminum foil with the help of methanol and dried
in an oven at 130°C under vacuum for 24 h to remove the solvent
residues.

Pyrolysis of electrospun PIM-1

As-prepared electrospun PIM-1 nanofibers were pyrolyzed in a tub-
ular furnace at 800°C with a heating rate of 5°Cmin~' for 3 h
under an Ar flow (100 sccm). The sample was allowed to cool and
used further for NIOOH/Ni(OH), deposition.

ALD of NiOOH/Ni(OH), on PIM-CF (Ni@PIM-CF)

The NiOOH/Ni(OH), was deposited on PIM-CF by using a Savannah
S100 ALD reactor (Ultratech Inc.). The sample was loaded in the
ALD reaction chamber and heated at 140°C. The bis(cyclopentadie-
nyl)nickel(ll) precursor was preheated to 80°C, and O; was used as
a counter reactant. A Cambridge NanoTech Savannah Ozone gen-
erator was used to produce O; from pure O,. Dynamic vacuum
conditions were used for the uniform coating of NIOOH/Ni(OH), on
PIM-CF. The pulse, exposure, and purge times for the bis(cyclopen-
tadienyl)nickel(ll) precursor were 1, 10, and 10 s, respectively, and

for O; 1, 10, and 5's, respectively. Prior to NiOOH/Ni(OH), deposi-
Electrospinning Pyrolysis
(‘“IHI-
‘ 800°C
o —
L
PIM-1

[Ni@P] M-ci1

T

150, ™ —— i
Cho

Water splitting

ALD

o ] 0
o"e‘eco

Scheme 2. Fabrication of Ni@PIM-CF and its catalysis of the water splitting
reaction.
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tion, PIM-CF were first treated with O; (with the same conditions
for one ALD cycle) to produce —OH functional groups on the sur-
face. 100 cycles of ALD were deposited to acquire Ni@PIM-CF.>*
The schematic representation of the experimental procedure is il-
lustrated in Scheme 2.
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