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N/P Co-doped Micro-/Mesoporous Carbons Derived from
Polyvinyl Pyrrolidone-Zn,,@ZIF-67 with Tunable Metal
Valence States towards Efficient Water Splitting

Yang Ming,” Yidi Wang,” Jiachuan Hua,” Chang Liu,” Jiashen Li,” and Bin Fei*®"

The enhancement of electrocatalytic water splitting by modu-
lating the intrinsic electronic environment of active sites has
recently attracted lots of interest. Herein, cobalt-cobalt oxide
(CoO,) at carbons derived from metal-organic frameworks
(Zn,,@ZIF-67) have been modulated by using post-phosphine
(P-Co0,/NCs), acid leaching (Co/NCs), and oxidation (0—CoO,/
NCs) treatments. With the assistance of polyvinyl pyrrolidone,
the resultant carbons obtain a high surface area (645.7 m*g™")
as well as a micro-/mesoporous system after carbonization at
920°C. These advantages not only enhance the catalytic

Introduction

Electrocatalytic water splitting to generate hydrogen and oxy-
gen has attracted intensive attention as an effective solution to
the global warming."” Among various candidates, transition
metal-based materials derived from earth-abundant elements
have been regarded as one of promising catalysts to boost the
water splitting reaction. Nevertheless, strategies such as heter-
oatom doping,®* defects engineering,”® atom intercalation”®
and topographical control® were designed to significantly
increase the number of accessible active sites and modulate the
corresponding electronic environment of metallic atoms.
Zeolitic imidazolate frameworks (ZIFs) comprise these
strategies by facile one-pot synthesis with ordered crystal
structure, modular versatility such as tuneable atoms and
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performance of catalysts, but also facilitate the charge transfer
between interfaces towards the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER). As a result, the
constructed water splitting cell fabricated with 900P-CoO,/NCs
requires a low overpotential (89 mV and 343 mV vs. reservable
hydrogen electrode respectively) to drive HER and OER at
10 mAcm™2 a low cell voltage (1.69 V), and a high stability with
only 49% decay after 15 hours operation in the alkaline
medium.

organic linkers as well as low cost of synthesis.">'? Typically,
cobalt element has been reported as a promising candidate
due to the moderate adsorptive energy to the reaction
intermediates  according to density function theory
calculations." While the low intrinsic conductivity of ZIFs limits
their applications as electrocatalysts. As a solution, high temper-
ature carbonization is commonly employed to improve the
intrinsic conductivity of ZIFs. Moreover, Co element will
facilitate the graphitization of the frameworks by the formation
of carbon nanotubes (CNTs) at high pyrolysis temperature!*
to enhance the conductivity of samples. Therefore, scientists
have designed core-shell structure like ZIF-67@ZIF-8""'® to
selectively functionalize the metallic Co located in carbons
while Zn will evaporate at similar temperature (>905°C) to
avoid the particles aggregations. However, under such harsh
condition, the organic linkers will break down causing the
collapse of whole framework due to the weak coordination
force. This collapse hinders the available active sites in the inner
part. To tackle this problem, protective/confinement pyrolysis
has been proposed: for instance, ZIF-8 was mixed with
surfactants such as polyvinylpyrrolidone  (PVP)"¥  or
cetyltrimethylammonium bromide (CTAB)®” to establish the
cohesive interaction between interfaces. Or the construction of
rigid interface such as pyrolyzing ZIF8@SiO,”" also achieved
significant improvements in the maintenance of pore system
and original surface area of ZIFs. As a result, the maintenance of
pore systems or the construction of hierarchical structure can
facilitate the electrolyte diffusion and mass transfer.

However, to best of our knowledge, few attentions have
been paid to reveal the electronic modulation on the active
sites of these protective carbonized samples from post treat-
ment. As mentioned, most ZIFs carbonized at this harsh
temperature will lose their original specific surface area, which
finally lies in the range of Sger~100-200 m*g~". The resultant

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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products sluggish the overall catalytic performance due to the
low possibility of active sites exposed to electrolyte. Moreover,
instead of the forming CoP,"”'®*? our studies confirm that the
introduction of P element into the carbon frameworks from
phosphine treatment can effectively influence the electronic
environment of Co elements. As a result, the kinetics of overall
water splitting reaction can be improved. In this study, we firstly
manifested a high specific surface area (645.7 m*g™") and
constructed a micro-mesoporous system of PVP assisted
bimetallic ZIF-8/ZIF-67 (PVP-Zn,,@ZIF-67) at a pyrolysis temper-
ature of 920°C. Then we confirmed the introduction of P into
the carbon frameworks by taking advantage of larger pores
sizes to reveal optimized electronic state interaction. Moreover,
we also investigated the effect among different Co valence
states, where synergetic effect between Co° and Co®*" boosts
the water reduction and Co®" and Co’* facilitate the water
oxidation respectively. The as-synthesized catalysts were em-
ployed as bifunctional electrocatalysts towards hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER).

Results and Discussion
Morphology and Composition Characterization of CoOx/NCs

As illustrated in Figure 1a, the precursors are firstly prepared by
incorporating cobalt ions into the ZIF-8 frameworks. A subse-
quent high temperature to evaporate Zn element, leave Co
atoms interacting with O element in PVP agent. The obtained
carbonized samples further experience the phosphine post
treatments to modulate the electronic environment of cobalt
atoms. The morphology of ZIF-8 and Zn,,@ZIF-67 nanoparticles
were examined by TEM (Figure 1b-c). The resultant products
show a well-constructed rhombic structure with an average size
of 82415nm."7? Moreover, a lighter purple colour of
Zn,,@ZIF-67 can be noticed due to the introduction of cobalt
ions into ZIF-8 (Figure 1f), compared with that of pure ZIF 67,
proving the efficient incorporation of Co’" into ZIF-8 frame-
works. After introduction of PVP, the morphology of PVP
assisted Zny,@ZIF-67 shows a distortion, which may originate
from the incorporation of polymers into frameworks (Fig-
ure 1d).*** Moreover, the PVP capping agent induces a larger
particle size (up to 1 um, Figure S1). From the X-ray diffraction
pattern (XRD), it confirms the crystal structure of PVP assisted
Zn,,/ZIF67 (Figure 1e). In consistent with the peaks of ZIF-8s,
when PVP and cobalt salts were introduced, those intensive
peaks occurring at 7.3°, 10.4°, 12.7°, 14.7° and 17.9° are
attributed to the (011), (002), (112), (022) and (222) facet,
respectively.!'’?

It is reported that the introduction of PVP polymer may
induce the substitution of intercalated 2-MelM, with slight
distortion of ZIFs crystal structure”?” Therefore, in this
situation, PVP polymers are attached on ZIF surface, as well as
incorporated into frameworks. After high temperature carbon-
ization (920 °C) of PVP assisted Zn,,@ZIF-67, all crystal structures
in ZIFs are destroyed where organic linkers denote to the
nitrogen doped carbons (NCs). While for Zn element, it will
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vaporize at this temperature to prevent the aggregation of
metallic particles,”® due to the low boiling point (905°C),*
which was further confirmed by EDX mapping (Figure 2g,
Table S1, Figure S4). The resultant XRD pattern (Figure 2a) of
CoO,/NCs shows the presence of the mixture of CoO (35.8°,
41.8° and 60.5°, PDF#15-0806), metallic Co (44.9° and 50.8°,
PDF#43-1003), and Co;0, (19.2°, 30.9°, 37.1° and 65.5°, PDF#48-
1719),%% indicating that the Co atoms interact with the O
elements from the organic linkers and PVP chains.®" The Raman
spectra also proves the existence of CoO and Co;0, the
intensive peak locating at 665 cm™' (Figure 2b) is related to the
A, vibrational mode of Co—O bonds. Another two peaks are
accredited to F,, (509.2cm™) and E; (470.5cm™") mode
corresponding to the combined vibrations of tetrahedral cobalt
sites in the Co;0, lattice.”’?? In addition to the formation of
Co0, it is noticed that the intensity of peaks representing Co;0,
is decreased in the carbonized samples without PVP polymers.
Therefore, it can be deducted that release of oxygen element
from PVP polymer increases the cobalt oxidation states. SEM
(Figure 2d) image indicates that CoOx/NCs@920°C possesses a
rough surface with abundant CNTs (Figure S2 a), and a porous
structure (Figure S2b) when looking at the sheet structure.
Furthermore, it is noticed that the large PVP-Zn,,@ZIF-67
particles survive after harsh carbonization process, due to the
role of PVP agent. From the HRTEM images (Figure 2ef) of
Co0,/NCs @920°C, the existence of CoO surrounded by the
graphite layer as well as the formation of CNTs due to the
catalytic effect of metallic Co nanoparticles can be observed.
The d-spacing values of metallic particles indicate the presence
of mixture of CoO and Co;0, where CoO metallic particles are
more abundant. Such co-existence of metallic and metal-oxide
particle can enhance the conductivity of final products.

Apart from the Co characteristic peaks in XRD pattern, the
peak located at 25.0° also proves a higher graphitization degree
(Figure 2a) at higher carbonization temperature, which may
arise from the incorporation of PVP polymer into ZIFs. Similarly,
Raman spectra to investigate the graphitization degree of
carbons are shown in Figure 2b. The carbonized PVP-ZIF-8/
ZIF67s reveals two graphite characteristic peaks located at
1260 cm™' and 1580 cm™'. In general, these peaks relate to the
D band and the G band of graphite” Specifically, D band
arises from the defects and disordered atoms in the graphite
atomic structure while G band originates from the hybridized
sp2 carbon atoms. Such |, to I ratio (Ip/lg) is an indicator of the
graphitization degree.®’¥ As shown in Figure 2b, the Iy/Ig for
Co0O,/NCs without and with PVP are 0.94 and1.08 respectively.
The higher Ip/l; value indicates more defects in the carbonized
samples, however, additional 2D and D+D’ band, located at
2670 cm™' and 2930 cm™', indicate the formation of multilayer
graphene in the samples. Hence a better conductivity can be
achieved in CoOx/NCs @ 920°C. The calculated Brunauer-
Emmett-Teller (BET) surface area (642.2 m?’g~") of PVP assisted
CoO,/NCs has been retained well after high temperature
carbonization (Figure 2¢c, Figure S3). This value is significantly
larger than those ZIF derived carbons without PVP assistant
(51.28 m*g™", Figure S3b). Moreover, the pore size distribution
indicates that the carbonized sample with PVP assistant
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Figure 1. (a) Schematic illustration of synthetic process of P-CoOx/NCs. (b—d) TEM images. (e) XRD pattern. (f) Digital images of ZIF-8, Zn,,@ZIF-67 and PVP-

Zno,@ZIF-67.

generates a micro-mesoporous structure (~3.2 nm in radius,
Figure S3c), while those samples without PVP assistance is hard
to bear with the breakage of organic linkers at high pyrolysis
temperature, only leaving pore system with lower pore volume
and smaller pore size (<0.5 nm in radius, Figure S3d). During
the carbonization process, the PVP is supposed to be carbon-
ized firstly."® With increasing temperature causing the break-
down of organic linkers of PVP-Zn,,@ZIF-67, a strong confine-
ment pyrolysis effect will be achieved due to the strong
cohesive interaction from PVP derived carbons and ZIFs.?”
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Thus, the assistance of PVP contributes to the formation of a
mesoporous structure and prevents the aggregation of active
sites in the samples for further optimization with phosphine.

Morphology and Composition Characterization of P-doped
CoOx/NCs

The post phosphine treatments were conducted to manipulate
the cobalt electronic environment. SEM images (Figure 3a—c)

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 2. (a) XRD pattern, (b) Raman spectrum of CoOx/NCs with and without PVP polymer at 920°C; (c) N, adsorption and desorption isotherm of ZIFs before
and after carbonization, as well as the role of PVP capping agent @920 °C; (d) TEM image of CoOx/NCs@ 920 °C; (e-f) corresponding HRTEM images (Enlarged:
inverse FFT image of C and CoO lattice plane); (g) EDS mapping of CoOx/NCs@920 °C (Scale bar: 1 um).

reveals that few amount (600 and 900 mg) of phosphine
treatment exhibit limited morphology changes, while the high
input of phosphine gases cause the surface corrosion, leading
to a smooth surface in 1200 P-CoOx/NCs. TEM image (Figure 3d
and S5a,b) of 900 P-CoO,/NCs indicate abundant carbon shells
existed in sample surface, where cobalt nanoparticles are
wrapped. HRTEM (Figure 3e) exhibited a clear multilayer
graphene structure outside the exposed cobalt nanoparticles,
as a result, preventing the formation of CoP nanoparticles. The
SAED pattern (Figure 3f) shows a polycrystalline structure of
900 P-CoO,/NCs. Further EDS mapping (Figure 3g and Table S2)
of 900 P-CoO,/NCs confirms the unfirm of P element with an
atomic concentration of 2.21% into the carbon frameworks.
XRD pattern (Figure 4a) of P-CoOx/NCs samples indicates
little changes in the CoO and metallic Co phases after
phosphine treatment. Raman spectrum of corresponding P-
Co0,/NCs (Figure 4 < xfigr4b) reveals that the decreased inten-
sity of A, Fyq and E, vibration of Co tetrahedral site, arising
from the surface corrosion effect of phosphine gases. To further
reveal P doping effects in carbon shells, UPS was conducted to
investigate the Fermi level of 900 P-CoO,/NCs. As indicated
(Figure 4c), the cut-off energy of CoO,/NCs and 900 P-CoO,/NCs
are 12.21eV and 12.56 eV, respectively. By using following
equation: E; = ¢,, = hv — E_,,_.4, the Fermi levels of samples

ChemElectroChem 2023, 10, 202300283 (4 of 12)

were determined to be 9.01 eV and 8.66 eV, correspondingly.
Further plot (Figure 4f) shows that the Fermi level of 900 P-
CoO,/NCs shifts towards higher level, compared with that of
Co0,/NCs. This shift can be attributed to the P doping at carbon
frameworks, which further redistribute the electronic environ-
ment of cobalt elements. Moreover, when samples are con-
tacted with electrodes, electrons can be more easily transferred
to 900 P-CoO,/NCs, facilitating further catalytic reactions.

The X-ray photoelectron spectroscopy (XPS) was employed
to investigate the surface chemical states, prove the interfacial
charge transfer from Co to P and confirm the P doping into the
carbon framework instead of the direct interaction with Co
element. In the whole XPS spectrum, it is noticed that there is
still little amount of Zn in the samples and the most abundant
part is graphite carbons (Figure S8). Typically, in Table 1, the
atomic amount of Zn accounts for 0.11% and 69.86 % of signals
arise from carbons. When considering the phosphine treatment,
it can be revealed that with increasing amounts of phosphate
precursor, the atomic percentage of P at the surface of m P-
Co0,/NCs shows the similar trend by increasing from 6% to
11.26 % indicating the successful phosphine post treatment. It is
also noticed that the P 2p spectrum is deconvoluted into P—O
(133.9eV) and P—C (132.2 eV). With respect to C 1s spectrum,
the relevant C—P is attributed to 286.5 eV (Figure S8 c,d).2**

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 3. (a-c) SEM images of CoO,/NCs treated with different amounts (600 mg; 900 mg and 1200 mg). (d) TEM image. (e) HRTEM (adjacent: inverse FFT
images). (f) Selected area diffraction and (g) EDS mapping of 900 P-CoO,/NCs (Scale bar: 500 nm).

Table 1. Surface Element Composition (XPS) of the P-treated ZIF derivates.

XPS atomic % (at. %) ?

Sample C N (0}
CoO«/NCs 69.86 2.41 25.59
600 P-CoO«/NCs 66.08 2.48 22.96
900 P -CoO,/NCs 62.56 249 24.39
1200 P- CoOx/NCs 58.58 245 27.36

Zn Co P Co**/Co**/Co’
0.11 2.03 - 1: 056: 0.53
0.15 2.33 6.00 1: 0.63: 0.47
0.12 3.12 732 1:1.17: 0.91
0.17 3.05 8.39 1:0.71: 0.39

Surface atomic percentage derived from high-resolution C 1s, O 1s, N 1s, Zn 2p, Co 2p and P 1s core-level peaks.

For comparison, we conduct the same phosphorization process
on CoO,/NCs samples without PVP assistance. As shown in
Figure S7, the large particles are observed at CoO,/NCs frame-
work surface. Moreover, XRD pattern confirms the crystal phase.
Those peaks observed at 31.3°, 36.3°, 45.8°, 47.9°, 51.8° 56.4°
are assigned to cobalt phosphide phase (PDF# 29-0497).
Combined with XPS results, it is confirmed that PVP derived
carbons may function as protective shell, which further prevents
the phosphorization of metallic cobalt and cobalt oxide.

ChemElectroChem 2023, 10, 202300283 (5 of 12)

In addition to the surface chemical composition analysis,
the interfacial charge transfers between Co and P atoms are
confirmed by comparing the high-resolution Co 2p peaks and P
2p spectrum (Figure 4d.e). It is noticed that the spectrum of
900P-Co0,/NCs is predominant of spin-orbit doublets (Co 2p;,,
and Co 2p,,,) as well as shakeup satellites, characteristics of
mixed valence of Co?"/Co®t.***” The spectrum is further
deconvoluted into Co®* (781.1eV), Co’>" (783.2eV),
Co°%(780.3 eV) with a Co®" to Co®" to Co° ratio of 1:1.17:0.91.
The peaks located at 780.3 eV and 796.2 eV are attributed to

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 4. (a) XRD pattern, (b) Raman spectrum of 600 P, 900 P, 1200 P-CoOx/NCs. (c) Ultraviolet photoelectron spectroscopy (UPS) of CoOx/NCs and 900 P-
CoOx/NCs. (d) Co 2p spectrums. (e) Corresponding P 2p spectrums of 600 P, 900 P, 1200 P-CoOx/NCs. (f) Schematic illustration of PVP role in carbonization

and phosphine post treatment.

the Co° Interestingly, the 900P-CoO,/NCs possesses highest
Co®" fraction among all prepared samples (shown in Table 1),
arising from the reducing ability of phosphine gas. Several
studies®>” have shown that excessive amount of PH; gas
during phosphorization proves will further reduce CoP to
Co,P,* forming heterojunctions. Compared with the Co 2p
spectrum of 1200P-CoO,/NCs, a positive shift towards higher
binding energy from 600P-CoO,/NCs was observed (~0.8 eV).
Accordingly, high resolution of P 2p spectrum shows a negative
shift (134.7 eV to 133.6 eV) due to the increase in the electron
density. This shift arises from the electronic transfer from Co to
P atom, due to the stronger electron affinity of P."

As shown in O1s spectrum (Figure S8b), the peak represent-
ing the Co—O bond (528.7 eV) vanishes after the P vapor
treatment. This phenomenon could be the excessive P element
on the surface of sample hindering the signal of Co-O.
Combined with the information from P 2p spectrum (Fig-
ure S8d), it can be concluded that phosphorus atoms are
introduced to carbon frameworks instead of having direct
interactions with Co to form CoP as no spin-orbital doublets are
observed in all x P-CoO,/NCs. While for those O elements in
cobalt oxide, it cannot be substituted by P to form CoP due to
the strong ionic bonding of cobalt oxide. When considering the
configurations of N atom of CoO,/NCs, its 2p spectrum is

ChemElectroChem 2023, 10, 202300283 (6 of 12)

divided into three configurations:***! pyridinic N (398.0 eV),
pyrrolic N (403.2 eV) and N oxide (405.5eV) with an atomic
percentage of 46.6%, 45.2%, and 8.2% respectively. When
introducing phosphorus atoms into carbon frameworks, it can
be noticed (Figure S8 c), an increase in the amount of pyrrolic N
and correspondingly a decrease in the percentage of pyridinic
N suggesting P atoms are introduced into carbon frameworks
with similar configuration of pyridinic N.*Y The presence of
different nitrogen configurations also provides the possibility to
coordinate with metallic actives forming M-N, structure which
has been reported to facilitate the OER.*

As indicated in Figure 4f, it can be concluded that the
excessive amount of PVP is incorporated into ZIF frameworks.
Meanwhile, PVP polymers form layers on surface of ZIFs, due to
their affinity to metal atoms. The role of PVP polymer is further
summarized as follows: 1. The PVP layer contributes to the
formation of carbon layers during pyrolysis process. The PVP
derived carbons not only increase the graphitization degree of
final products, but also provide interfacial stress, preventing the
inward collapse of ZIF frameworks. 2. The carbon out layers
further function as protective shells, which sluggish the
phosphorization process. Combined with XRD and XPS results,
instead of the formation of CoP, the P atoms mainly substitutes

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH

95U90|7 SUOWIWOD dA1TERID 3|t dde Ly Aq peusenob ke sajoiLie YO ‘SN JO S3jnJ Joj ARiq1aUlUO A8]IMW UO (SUONIPLOI-PUR-SWIBIW0Y A3 1M AReid 1 [eul|uo//Sdny) SUONIPUOD pue Swie 1 34 89S *[#202/.0/T2] uo AReiqiaulluo Aa|Im ‘Aisieaun Ajod Buoy BuoH Aq £8200£202 2B9/200T 0T/I0p/wod’ A3 | Areiq 1jputuo adona-Alis IWsyd// sy wouy papeojumod ‘gT ‘€40z ‘9TZ096TZ



ChemElectroChem

Research Article
doi.org/10.1002/celc.202300283

Chemistry
Europe

European Chemical
Societies Publishing

the C and N atoms, forming P—C bonds and PO,>~ species in the
carbon frameworks.

Electrocatalytic Evaluation

Based upon above explanation of PVP role, we further
optimized the Zn/Co ratios in ZIF frameworks in water splitting
(Figure S9-12). With well-constructed pore systems based on
carbonized PVP assisted Zn,,@ZIF-67, the electrocatalytic
activities of phosphine treated CoO,/NCs were evaluated in N,
saturated 1 ,, NaOH at ambient conditions with a sweep rate of
5 mV/s. The reference Pt/C (20 wt%) catalyst was evaluated as
benchmark for HER. It possesses an overpotential of 20 mV at
current density of 10 mAcm™ and a Tafel slope of 35 mV/dec in
1 w NaOH (Figure S13a), due to its fast proton absorption and
hydrogen desorption. Among all samples, CoO,/NCs possess
the poorest catalytic performance, while 900P-CoO,/NCs
present low overpotential and low Tafel slope. Due to its
optimized electronic environment, Co element exhibit out-

performing activities in 900P-CoOx/NCs with an overpotential
of 82 mV at 10 mAcm™2 (Figure 5a) and a Tafel slope of 79 mV/
Dec (Figure 5b). This Tafel slope of 79 mV/Dec indicates the
rate-determining step (RDS) as Volmer-Heyrovsky step, where
electron transfer and hydrogen desorption sluggish the whole
reaction pathway."® Nyquist plot was conducted at an over-
potential of 100 mV to investigate the electron transfer ability
(Rey)- As indicated in Figure 5¢, commercial Pt/C exhibits a low
Rer of 12.5 Q, followed by 900 P-CoO,/NCs (Rr=18.2 Q), 1200
P-CoO,/NCs (Rr=23.0 Q), 600 P-CoO,/NCs (R;=27.7 Q). The
smaller value of 900 P-CoOx indicates the easier electron
transferability towards adsorbed hydrogen atoms.

Similar to the HER results, the OER performance of 900P-
Co0,/NCs also outperforms those samples treated with 600 mg
and 1200 mg of P precursors. As shown in Figure5 d, its
overpotential required to achieve a current density of
10 mAcm™ is 343 mV and a 383 mV to achieve the current
density of 50 mAcm™2, while others exhibit higher overpoten-
tials (n;,0=390 mV and 400 mV for 600P and 1200P-Co0O,/NCs
correspondingly. The Tafel slope of 900P-CoO,/NCs possesses
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Figure 5. (a) HER polarization curves. (b) Corresponding Tafel slope and (c) Nyquist plot of CoO,/NCs treated with 0, 600, 900, 1200 mg of P precursors and
20 wt% Pt/C benchmark at a sweep rate of 5 mV/s. (d) OER polarization curves. (e) Corresponding Tafel slope and (f) Nyquist plot of CoO,/NCs treated with 0,

600, 900, 1200 mg of P precursors and IrO, benchmark at a sweep rate of 5 mV/s
after cycling; (i) SEM image of 900 P-CoO,/NCs after cycling.
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in 1, NaOH. (g) Double layer capacitance. (h) LSV curves of 900 P-CoO,/NCs
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lowest value of 68 mV/Dec (Figure 5e), indicating the highest
kinetics in OER. The Nyquist plot was then conducted at an
overpotential of 100 mV to demonstrate the resistance of
electron transfer, where a lower value indicates a faster electron
transfer process (Figure 515).* All the semicircles in Figure 5f
deviate the origin point with a value of ~6.5 Q, caused by the
electrolyte resistance (Rs). Among all samples, 900P-CoO,/NCs
possess the lowest electron transfer resistance (2.5 Q). This
value suggests 900P-CoO,/NCs can facilitate the charge transfer
(Rer) at the interface towards oxygen evolution, due to a
moderate electronic environment of Co elements. While other
phosphine treated samples exhibit relatively larger resistance to
the charge transfer (27.5Q for 600P-CoO,/NCs; 39.2 Q for
1200P-Co0,/NCs). The larger resistance can be contributed to
the weaker or stronger interaction between Co and P with
undesired electronic environment of Co element. However,
compared with the R of CoO,/NCs (49.5 Q), the treatment with
phosphine vapor improves the electron transfer resistance as
well as exposed active sites in the carbonized sample.

Double layer capacitance (Cy) measured at non-faradic
region was employed to investigate the possible active sites in
the samples (Figure 5g and S14). The calculated values of C are
3.3 mFcm™, 16.9 mFcm™2 22.3 mFcm™, 8.7 mFcm™2 for CoO,/
NCs, 600P-CoO,/NCs, 900P-CoO,/NCs, 1200P-CoO,/NCs and
commercial Pt/Cs respectively. Among them, 900P-CoO,/NCs
present the highest Cy value, suggesting more active sites
exposed for the proton adsorption. Compared with the C, of
Co0,/NCs, all values of P-CoO,/NCs are larger, suggesting the P
treatment is an effective strategy to expose the available active
sites. Since our P-Co0,/NCs (~2.5x107" mol/cm?) has higher
active site density than even Pt/C product (~2.1x10~" mol/cm?),
the catalyst carbon matrix in our samples would be obviously
superior to the carbon substrate of Pt/C. This advantage is
attributed to its mesoporous pore size (rather than micro pore
of Pt/C). As a result, this post phosphorus doping strategy
significantly improves the reaction kinetics of samples. In
addition, it is noticed that the higher Co?* fraction in the
sample boosting the overall reaction suggesting the Co®" are
the active sites towards water splitting.””*” The polarization
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curves towards HER and OER after 2000 CV cycles (Figure 5h)
also prove a good stability of as-synthesized samples with a
deterioration of 54 mV (HER) and 68 mV (OER) at the current
density of 10 mAcm™ Meanwhile, SEM (Figure 5i), XRD and
Raman spectrum (Figure S16b,c) confirms the morphological
and structural stability after the cycling test.

The overall water splitting reaction was conducted by drop-
casting catalysts on the carbon paper as cathode and anode. As
demonstrated in Figure 6a, the fabricated two-electrode cell
requires a rather low voltage (1.69V) to achieve a current
density of 10 mAcm™. The stability of this cell was further
tested at 1.69 V for 15 hours. It is noticed that a 4.7 % of current
density decay, which is likely attributed to the protective
graphite layers around the cobalt oxides (Figure 6b). To further
explore the catalytic performance of 900 P-CoO,/NCs, the
production of H, and O, as a function of reaction time was
collected and has a good consistence with theoretical calcu-
lated amount H, and O, production at the current density of
9.5 mAcm > The water splitting reaction based on 900P-CoO,/
NCs achieves an average Faraday Efficiency above 95% with a
ratio of H, to O, equalling to 2 (Figure S19a-b and Table S3).
Moreover, the production rate for H, and O, are calculated to
be 0.048 umols™' and 0.024 umols™' respectively. What's more,
our 900 P-CoOx/NCs exhibits a good position in both HER and
OER catalytic performance compared with other cobalt based
catalysts (Figure S20).

Investigation of Catalytic Performance of Multivalence Co

To reveal the role of different valence states of cobalt in P-
Co0,/NCs, a series of post treatments have been conducted: (1)
Employ acid to remove cobalt oxide denoting Co/NCs; (2)
Anneal CoO,/NCs at 550°C to transform metallic Co to cobalt
oxide, referring to O—Co0O,/NCs. As shown in Figure S17a,b, the
acid treated CoOx/NCs exhibits an open-structure, caused by
the strong acid leaching effect. While the oxidized samples
reveal random particle distribution. Moreover, the carbon
content of O—CoOx/NCs is rarely observed, due to the open-air

900 P CoOx/NCs || 900 P CoOx/NCs|

5 T T T T T T T T T
0 2 3 5 7 8 10 12 13 15
Time (hrs)

Figure 6. (a) Cell voltage of overall water splitting reaction (900 P-CoO,/NCs | | 900 P-CoO,/NCs). (b) Chronopotentiometry curve for 900P-CoO,/NCs at 1.69 V

vs. RHE.
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calcination. Further XRD pattern (Figure 7a) and Raman spec-
trum (Figure 7b) confirm the observation. The new peaks in
O—CoOx/NCs represent the existence of Co;0, indicating a
higher oxidation fraction of Co. For acid leached sample, only
characteristic peaks of metallic cobalt are identified, proving a
lower oxidation state. When considering HER performance
(Figure 7c), CoO,/NCs requires the lowest overpotential
(219 mV) compared with that of oxidized CoO,/NCs (302 mV),
and metallic Co/NCs (235 mV) to achieve a current density of
10 mAcm™2 This phenomenon indicates the presence of
metallic Co (Co% cooperating with higher valence state of
cobalt (Co**) lowers the energy barrier of hydrogen generation.
However, all Tafel slopes of corresponding samples towards
HER are above 150 mV/Dec suggesting the desorption of H,g,
are the rate-determining steps™®” in the alkaline medium.
Nevertheless, Co/NCs at higher current density exhibits a faster
reaction kinetics, which can be attributed to the open structure
of carbon frameworks and more exposed metallic active sties.
When considering OER performance (Figure 7d), both acid-
treated and oxidized CoO,/NCs (Co/NCs and O—Co/NCs)
requires a higher overpotential to achieve the current density
of 10 mAcm™ (470 mV and 427 mV respectively). This higher
overpotential prove the synergetic effects between Co®" and
Co®" to boost the water splitting reaction. Interestingly, the Cg
value of Co/NCs shows the highest value among all three
batches (6.75 mF/cm? Figure S17) which may arise from the
removal of excessive metal oxide and amorphous carbons. This
acid leaching process provides more possibilities with active
sites exposed to electrolyte. It is also noticed that the reaction

kinetics of O—CoOx/NCs has been improved for both HER and
OER. This enhancement may be attributed to the oxidation of
Co®" to Co*" firstly then followed by the formation of key
intermediate Co—OOH by OH~ adsorption during the water
oxidation reaction.”® When considering electron transfer resist-
ance of multivalent Co elements. The existence of various states
of cobalt in CoO,/NCs shows the lowest value (49.5 Q, Fig-
ure S17) suggesting the synergetic effects between cobalt
elements and the as-prepared CoO,/NCs can be employed as a
promising candidate for post phosphine treatment.

Upon abovementioned analysis, here are four reasons
contributing to this effective electrocatalyst: 1) The carbon-
ization of ZIF-8/ZIF67 assisted by PVP remains a micro-meso
porous system contributing to active sites exposure, and the
pyrolysis of organic linkers provides N doping into the carbon
framework facilitating the OER; 2) The micro-mesoporous sys-
tem and PVP functionalization promotes the surface interaction
between phosphine vapor and carbons to allow P doping. As a
result, the optimized electronic environment of cobalt oxides
tuned by N and P heteroatoms towards boosting water splitting
reaction; 3) Phosphine post treatment enhances the accessible
electrochemical active surface area as well as the electron
transfer kinetics shedding lights on the electronic modulation
of ZIFs assisted by PVP; 4) The synergetic effect between Co°
and Co’* facilitates HER kinetic, meanwhile, effect between
Co®" and Co®" improve the OER kinetics.

( ) C (002) * Co PDF#43-1003
* V¥ Co,0,PDF#48-1719
X CoINCs
3
s v
> ¥ —— 0-CoOx/NCs|
F) iy v v
v
é 1 /L*-—"‘J\'vu.»..___“_
= "
1l
0l
Vi
1

—— CoOx/NCs

60 70 80

10 20 30 40 50
2 Theta (°)

40
(c) 0J—=—CoINCs (d) Co/NCs
—=— 0-CoOx/NCs —=— 0-CoOx/NCs
&~ -104—v—CoOx/NCs ..l . —v— CoOx/NCs
& g
s g 301 T
-20 4 ) 4
< ;
£ < T
£
=301 = T
= 2204 I
2 40 [
[ / ] @
o - a
,g -50 - TS CATSRRTEIR MO % “ i
g 0l £ 10, R
= O b gl
(8] ,‘r
-70 =
0. o
-80 .

(b) D band G band

CoINCs

-—
9.2cm”

——— 0-CoOx/NCs

Intensity (a.u.)

A 1o/lg =1.09

—— CoOx/NCs

500 1000 1500 2000 2500 3000
Raman Shift (cm™)

Potential (V vs. RHE)

08 -07 -06 05 04 03 02 -01 00

1.2 13 1.4 1.5 1 1.8 1.9 2.0

.6 1j7
Potential (V vs. RHE)

Figure 7. (a) XRD pattern; (b) Raman spectrum; (c) HER; and (d) OER polarization curves of Co/NCs, 0—Co0,/NCs and CoO,/NCs.
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Conclusion

In conclusion, we fabricated the N/P codoped cobalt oxide
based electrocatalyst to boost the water splitting reaction, the
N atoms originated from organic linkers and P elements from
phosphine vapor were doped into the carbon framework, which
successfully influence the electronic environment of cobalt
oxides. Moreover, the PVP assisted carbonization process allows
the catalyst possessing a high specific surface area of
642.5m*g™" and a micro-mesoporous system. Based on the
abovementioned strategies, different amounts of phosphine
treatments allow the optimization in electrocatalytic perform-
ance. The final electrocatalyst can drive the HER and OER at a
current density of 10 mAcm™2 at an overpotential of 89 mV and
343 mV respectively. The acid and oxidation post treatment
reveal that the synergetic effect between metallic Co, Co**, and
Co®" boosts the water splitting reaction. In addition, the
constructed electrolyzer based on 900P-CoO,/NCs possesses a
cell voltage of 1.69V to achieve the current density of
10 mAcm™2

Experimental Section

Materials

All materials were purchased and used without further purification.
Zinc nitrate hexahydrate (Zn(NO,),-6H,0, >98.0%), 2-meth-
ylimidazole (2-MelM, >97.0%), sodium hypophosphite monohy-
drate (NaH,PO,) and 20 wt% Pt/C were purchased from Alfa Aesar.
Cobalt nitrate hexahydrate (Co(NO,),-6H,0, >98.0%) and polyvinyl
pyrrolidone (PVP, Mw =13 kDa) were purchased from Aladdin.
Methanol and ethanol (ACS grade) were purchased from Anaqua
Co Ltd..

Synthesis of Zn,,@ZIF-67 and PVP-Zn,,@ZIF-67

In a typical synthesis of Zny,@ZIF-67%°, Zn(NOs),-6H,0 (0.36 g) and
Co(NO;),-6H,0 (1.459g) was completely dissolved in 50 mL of
methanol to form a purple solution A. 2-Methylimidazole (2-MelM,
4.49 g) was dissolved in 93.3 mL of methanol to form a homoge-
neous solution B. Then the solution B was poured into solution A
under stirring for 1 hour (in total 143.3 mL of methanol). The
resultant powders were collected under 5000 rpm centrifuge and
washed with methanol three times to remove unreacted materials
and dried in vacuum at 60 °C for 8 hours.

To fabricate PVP assisted Zn,,@ZIF-67*, an additional methanolic
PVP solution (1.8 g of PVP dissolved in 30 mL methanol) was
poured into abovementioned metal precursor and organic linker
contained methanolic solution (Zn,,@ZIF-67) after 20 minutes’
nucleation of ZIFs. Finally, the obtained PVP assisted Zn,,@ZIF-67 s
underwent washing with methanol for three times and were dried
in vacuum at 60 °C overnight.

Synthesis of P-doped CoO,/N-doped Carbons (Co0O,/NCs)

The synthesized PVP assisted Zn,,@ZIF-67 further experienced the
carbonization process at 920°C for 150 minutes with a ramp rate of
5°C/min under N, atmosphere and was naturally cool down. The
resultant products were denoted as CoO,/N-doped carbons (CoO,/
NCs). In this work, all the carbonizations were employed on the PVP
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assisted Zn,,@ZIF-67 samples. Otherwise, the direct carbonization
of Zny,@ZIF-67 at 920°C for 150 minutes denotes Co00O,/NCs
without PVP.

After the carbonization, different amounts of NaH,PO, (x =600, 900,
1200 mg) were employed as phosphine precursors to conduct the
surface treatment of CoO,/NCs. In a typical treatment, 5mg of
CoO,/NCs was placed in the downstream of a porcelain boat and x
(600, 900, 1200) mg of NaH,PO, was put in the upstream of the
boat under N, atmosphere. The temperature of tube furnace was
elevated with a ramp rate of 3°C/min to 350°C and maintained for
120 minutes, allowing the decomposition of NaH,PO, (Eq. 1, Notice:
the tail gas of NaH,PO, is extremely toxic requiring saturated CuSO,
solution as exhaust converters). The final products were collected
after the naturally cool down of the furnace which were denoted as
m P-Co0,/NCs where m =0, 600, 900, 1200.

2 NaH,PO, (s) — PH; (g) + Na,HPO, (s) (1)

Preparation of Co/NCs and Oxidized CoO,/NCs (O—C00,/NCs)

To prepare Co/NCs, CoOx/NCs powders (100 mg) were dispersed
into 5 M HCl (50 mL) for 2 days** by undergoing following Egs. 2
and 3. These processes transform cobalt oxide to soluble CoCl,. The
resultant products were washed with DI water and methanol three
times to wash away CoCl, and denote Co/NCs.

Co;0,(s) + 8HCI(l) — 3CoCl,(I) + 4H,0(l) + Cl,(9) 2)
CoO(s) + 2HCI(l) — CoCl,(1) 4+ H,O(1) 3)

To obtain oxidized CoO,/NCs (0—CoO,/NCs), CoO,/NCs powders
(100 mg) were put into the crucible in a tube furnace in air. The
temperate was risen to 550°C with a ramp rate of 5°C/min and
kept for 2 hours. During this process, the metallic Co will be
transformed to the Co*" and Co®'. The final products were
collected after naturally cooling down of the furnace.

Preparation of Catalysts on the Carbon Paper

The as-synthesized xP-CoO,/NCs (5 mg) was dispersed in a mixture
of 2-proponal (250 ul) and DI water (750 pL, conductivity=
0.26 uScm™). At the meantime, Nafion solution (30 L, 5 wt%) was
dropped into the above solution. After 1 hour sonication to achieve
a uniform dispersion, 20 pL of prepared ink was drop-cast onto the
0.5x0.5 cm? carbon paper and dried under infrared irradiation for
30 minutes to yield a mass loading ~0.2 mg/cm?,

Physical Characterization

Scanning electron microscopy (SEM) images and Energy Dispersive
X-ray spectrometer (EDX) of composition analysis were obtained
from a Tescan VEGA3, Czech (accelerating voltage =20 kV). Trans-
mission electron microscopy was conducted on JEOL 2100F, Japan
(operating voltage =200 kV). X-ray diffraction (XRD) patterns were
collected on a Rigaku SmartLab 9 kW-Advance, Japan using
monochromate Cu ka radiation (A=0.154 nm) at a scan rate of 7°/
min. Raman spectroscopy was taken using a NomadicTM 3-in-1
microscope, America with He—Ne laser excitation (A=532 nm) and
OLYMPUS MPlanFLN 10x objective lens. Brunauer-Emmett-Teller
(BET) surface area measurements were taken by N, adsorption-
desorption isotherm at 77 K using NOVA touch LX4, Austria. X-ray
photoelectron spectroscopy (XPS) was recorded on a Thermo
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Scientific Nexsa using a monochromatic and focused Al Ko, source
(1486.6 eV). Ultraviolet photoelectron spectroscopy (UPS) was
conducted on a Thermo ESCALAB 250Xl, using He | source
(21.22 eV).

Electrochemical Measurements

The electrochemical measurements were carried at the electro-
chemical workstation (CHI660D, Shanghai Chenhua Science Tech-
nology Corp., Ltd.) at room temperature. A typical three-electrode
configuration including Pt plate (1x1cm? 0.1 mm) as counter
electrode; Ag/AgCl (saturated KCl solution) as reference electrode,
carbon paper (0.5x0.5 cm?) as working electrode was employed for
both HER and OER half reaction evaluations. In this case, N,
saturated 1 M NaOH (pH=13.6) was functioned as electrolyte. The
linear sweep voltammetry (LSV) was measured at a scan rate of
5mV/s with 85% iR compensation. All recorded potentials were
converted to the reversible hydrogen electrode (RHE) according to
the Nernst equation (Eq. 4):

Ere(V) = Enoring + 0.059pH + Egg/AgCI (4)

Where Eg is the calculated potential vs. RHE, E,qing is the recorded
potential against Ag/AgCl, and Ezg/AgC, equals to 0.197 V which is
the standard equilibrium potential at 25°C.

The Tafel slope has been plotted according to the equation below
(Eqg. 5) to investigate the reaction kinetics:

n=a-+ plog(j) (5)

Where n and j are overpotential (V) and current density (mAcm2)
respectively, and other symbols represent their usual meanings.

Double layer capacitance (Cy) was taken by employing cyclic
voltammetry (CV) at scan rates varying from 2 mV/s to 50 mV/s. The
Cqy was calculated by figuring out the potential difference in the
non-Faradaic region. Electrochemical Impedance Spectroscopy (EIS)
measurements were conducted at an overpotential of 20 mV for
HER and 100 mV for OER with an amplitude of 5 mV from 100 KHz
to 0.1 Hz to investigate the charger transfer resistance and solution
resistance at high- and low-frequency region respectively.

The stability test was conducted by the chronoamperometric curves
(I-t) at a current density of 10 mAcm 2, and the CV testing with a
scan rate of 50 mVs™' for 700 cycles. The electrolyzer for overall
water splitting reaction was composed of two same electrodes
where both cathode and anode are made of carbon paper
(1x1 cm? with 900 P-CoO,/NCs (mass loading ~0.2 mgcm? 900P-
Co0O,/NCs| | 900P- CoO,/NCs).
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