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ABSTRACT: Creating vacancy is often highly effective in enhancing the hydrogen evolution
performance of transition metal-based catalysts. Vacancy-rich Ni nanosheets has been fabricated
via topochemical formation of 2D NizB on graphene precursor followed by boron leaching.
Anchored on graphene, a few atomic layered Ni2B nanosheets are first obtained by reduction and
annealing. Large number of atomic vacancies are then generated in the Ni2B layer via leaching
boron atoms. When used for hydrogen evolution reaction (HER), the vacancy-rich Ni/Ni(OH),
heterostructure nanosheets demonstrate remarkable performance with a low overpotential of 159
mV at a current density of 10 mA-cm? in alkaline solution, a dramatic improvement over 262 mV
of its precursor. This enhancement is associated with the formation of vacancies which introduce
more active sites for HER along Ni/Ni(OH), heterointerfaces. This work offers a facile and

universal route to introduce vacancies and improve catalytic activity.
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Hydrogen is a promising energy carrier since it has high energy density, is naturally abundant,
and produces no pollutants when consumed.!? Hydrogen evolution reaction (HER) via water

electrolysis has long been considered as the most sustainable way to produce hydrogen; but the



HER process always suffers from high cost and poor stability of the noble metal based catalysts.
Strong efforts have been devoted to the development of low-cost and high performance HER
catalysts.> Vacancy generation has been proved effective in improving catalytic activity since it
creates more active sites and tunes the electronic structure of catalysts.*® Techniques such as
heteroatom doping, plasma treatment, and thermal treatment, have been employed to create
vacancies but they are not effective in controlling the type, location, and number of vacancies.’
Also, only a few papers attempted to understand the relationship between the formation of
vacancies and catalyst stability.® Inspired by the efficacy of 2D structure for catalysis and the
fact that boron can be effectively leached, herein a simple way to fabricate Ni
nanosheets@graphene with atomic scaled vacancies in a controlled manner is reported. The
effect of graphene on stabilizing these vacancies is also investigated. Compared with the
Ni:B@graphene precursor, the defect-rich Ni@graphene demonstrates significantly enhanced
HER catalytic activity with overpotential decreased from 262 mV to 159 mV at a current density
of 10 mAcm™. The vacancy-rich structure also exhibits excellent stability in 1 M KOH for 10

hours.

Sample preparation procedure is illustrated in Figure 1(a). The Ni** ions are first adsorbed
onto the negatively charged graphene oxide (GO). With the addition of NaBH4 under anaerobic
condition, Ni;B nucleation starts along the rGO surface and eventually grows into amorphous
Ni,B sheets according to Equation (1).!° Meanwhile, GO is reduced to graphene (rGO) by
NaBH4. The morphology and structure of the product are studied by SEM and TEM image
[Figure S1(a-c)]. Compared with bare and clean GO nanosheets [Figure S1(a)], the obtained
sample appears to be fully covered with small and ultrathin nanosheets [Figure S1(b, ¢, and 1)].

This sample adopts a structure with Ni;B nanosheets sandwiching rGO, which is denoted as



NBC. Similar method was used to prepare NiCoBx nanosheets.'!'? The crystallinity of NBC
sample is also poor [Figure S2(a)]. Minor amount of Ni nanocrystals [JCPDS 65-2865] are also

observed [Figure S1(c-f)] which was also reported.!* !

2Ni?* + 4NaBH, + 9H,0 - Ni,B + 12.5H, T +4Na* + 3H;B0; (1)

Thicknesses of the neat rGO and NBC nanosheet were estimated by EELS [details please check
Part 2.1 in Supporting Information], which are found to be 3.234+0.26 nm and 10.14+1.99 nm,
respectively [Figure S3(a-f)]. The NBC thickness obtained from direct measurement by TEM
image is 9.70+1.50 nm, [(Figure S3(g-h)], which is close to the EELS data. Hence the thickness
of NizB layer on each side is between 3.2-3.5 nm. Such thin nanostructure allows higher ratio of
atoms present at the surface, which contributes to more exposed active sites and higher catalytic
activity. Under the same reaction conditions but without GO, Ni;B sample (named as NB) exists
in agglomerates of amorphous nanoparticles, as demonstrated by SEM, TEM images in Figure
S1(g-h) and XRD patterns [Figure S2(b)]. This proves that planar rGO is conducive to the
formation of amorphous Ni;B nanosheets.

HER performance of the NB and NBC are both less satisfactory because of the amorphous
nature of Ni2B; so thermal anneal was carried out to improve the crystallinity under inert
atmosphere. Figure S4 presents the HER performance of NBC and NB samples annealed at
different temperatures. The NBC samples exhibit better activity than NB samples annealed at the
same temperature, likely benefiting from conductive graphene and the nanosheet structure. Also,
with variation in annealing temperature, the NBC-200 sample (annealed at 200 °C for 2 hours)

displays the best activity with minimal HER overpotential at 10 mA-cm? (HER n10) of 262 mV



and a Tafel slope of 134 mV/dec. The HER activity varies with annealing temperatures because

of factors including crystallinity, compositions, and surface areas. XRD patterns indicate the
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Figure 1. (a) Schematic of sample preparation. (b) Low magnification TEM image of NBC-200
sample; (c) high magnification TEM images of the red square part in (b); (d) FFT image of (¢);
(e) IFFT image of region 1 in (c). (f) Low magnification TEM image of ANBC-200 sample; (g)
high magnification TEM image of the red square part in (f); (h) FFT image of (g); (i) IFFT image
of region 2 in (g) with pink circles highlighting atomic vacancies, the yellow dashed line
outlining the two areas with different brightness; brightness along the green line is shown in the
below part; (j) the simulated STEM image of pure Ni and B-Ni(OH)z; (k) EELS of Ni2p and B K

edge in region 1 and 2.

As displayed in Figure 1(b), the NBC-200 becomes crumpled after annealing. Clear diffraction
ring corresponding to (200) plane of Ni;B [JCPDS 48-1222] could be observed [Figure 1(c-¢)].
The better crystallinity is also evidenced by the XRD pattern of NBC-200 in Figure S2(a), in
which two peaks at 36.0° and 58.4° appear, corresponding to (200) and (310) peaks of Ni.B
[JCPDS 48-1222], respectively. The HRTEM and inverse fast-Fourier transform (IFFT) picture
of region 1 displays clear crystalline structure with various crystal orientations [Figure 1(e)].
Uniform C, Ni, and B distribution in NBC-200 could be confirmed by the EDS mapping [Figure
S1(i)]. The atomic ratio of Ni and B in NBC-200 is 1.7:1 (Table S1), which is close to the atomic

ratio in NipB.

NBC-200 sample was selected for further studies where more atomic vacancies were created
via leaching boron from the Ni;B layer, with the resulting sample being labelled as ANBC-200.
The process was carried out by simply immersing the sample into air bubbled alkaline solution.
Ni,B reacts with water forming borate under this environment (Equation 2)!°!. This is proved

by the high concentration of B in the alkaline solution after the activation (Table S2). The



defective Ni would be oxidized into -Ni(OH): in the oxygen rich alkaline solution [Equation

(3)]'22-24

ANi,B + 120H™ + 30, > 4B03~ + 6H,0 + 8Ni (2)

2Ni + 2H,0 + 0, - 2Ni(OH), (3)

The ANBC-200 still adopts nanosheet morphology [Figure 1(f)], but the crystalline structure
becomes more obvious [Figure 1(g-1)]. Lattice spacing of 0.233 nm and 0.203 nm are confirmed
by the FFT image, which could be indexed as (101) plane of B-Ni(OH), [JCPDS 14-0117] and
(111) plane of Ni [JCPDS 65-2865], respectively [Figure 1(h)]. As demonstrated by the IFFT
image of region 2, dense atomic vacancies (marked by circles) are clearly visible [Figure 1(i)].
Two distinct areas with different brightness are also clearly identified [Figure 1(i)]. In the yellow
line enclosed area, atomic vacancies are highly identifiable due to better contrast. Thermal
anneal at low temperature drives certain amounts of boron into preferred positions resulting in
partially ordered Ni;B, leading to non-uniform distribution of boron at atomic scale. High
temperature anneal can lead to better crystalline Ni2B but with high risk of decompose and
morphological change [Figure S2(a) and Figure S5(f)]. Herein under mild conditions, the
distribution of vacancies at atomic scale can be effectively controlled via removing boron in
ANBC-200, as evidenced by Figure 1(i). The STEM images of Ni and B-Ni(OH)2 were
simulated using QSTEM software, which coincide with the pattern shown in Figure 1(i) [Figure
1(j)]. Hence once boron was removed from the lattice, the exposed Ni partially transformed to [3-

Ni(OH),, which is also catalytically active towards HER.?* 226

To further check the change in chemical composition before and after the leaching, electron

energy loss spectroscopy (EELS) studies were performed. As displayed in Figure 1(k), the EELS



spectrum of Ni shows two core-loss edges at 855.7 eV and 873.5 eV, associated with Ni 2p1»
(L») and 2p32 (L3) in Ni2B, respectively.?” After leaching, the L; edge shifts to the left slightly,
while a new shoulder peak at 857.2 eV appears, representing formation of Ni*".?*° As shown in
Part 2.3 of Supporting Information (SI) and Table S3, the Ls/L> ratio of region 1 and 2 increases
from 2.83 to 3.67, indicating the decreased oxidation states of Ni.*!3* This coincides with the
normalized white line intensity of Ni (I34) decrease from 0.92 to 0.67, advocating the increased
electron occupancy on 3d orbit.>!* The core-loss edges at 194.7 eV and a broad peak at 203.9
eV in the EELS spectrum of B element in region 1 could be assigned to B-O because of the
surface oxidation [Figure 1(1)].?” After being leached, the EELS signal of boron (region 2)
disappears because of boron leaching. The leaching process led to the formation of vacancy-rich
structure and tuned electronic states of Ni, which would significantly affect the catalytic
activity.®>> The formation of hydroxide [Ni(OH):] is likely around the edges and top of the

vacancies since these exposed Ni are more active.!??!

As evidenced in [Figure 2(a-c)], the HER performance of ANBC-200 is significantly better
than NBC-200, with Tafel slope decreasing from 133.8 to 73.1 mV/dec and HER n¢
overpotential reduced from 262 to 159 mV. The enhanced HER activity is also demonstrated by
the decreased charge transfer resistance (Rc¢), which is determined by the simulated diameter of
the semicircle obtained from the electrochemical impedance spectroscopy (EIS) [Figure 2(d)].*°
The mass activity of the ANBC-200 also soars from 1422.6 A/g to 3505.9 A/g; while the turn
over frequency (TOF) at -0.4 V increases from 0.047 to 0.115 s (Part 2.4 in Supporting
Information). The HER performance of the ANBC-200 is on par with some of the best

performing borides reported, as listed in Table S4.>"°
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Figure 2. HER performance of NBC-200 and ANBC-200. (a) LSV curve; (b) Tafel curve; (c)
HER overpotential at 10 mA-cm™ current density (HER n10); (d) EIS tests at -0.3 V with inset
showing the equivalent circuit.

The performance stability of the ANBC-200 is evaluated using chronoamperometry [Figure
3(a)]. With continuous measurement, the HER current density increases slightly from 13 to 15
mA-cm? after 10 hours test. The EIS recorded at different time intervals also verifies the stable,
or even slightly improved HER activity [Figure 3(b)]. The sample maintains its layered structure
after the stability test, as shown by the TEM image in Figure 3(c-d). The FFT image of the area
marked by red square in Figure 3(d) shows clear diffraction spots, in which two of them
correspond to the (101) plane of Ni(OH), [JCPDS 14-0117] with lattice space of 0.233 nm and
(111) plane of Ni 0of 0.203 nm, respectively [Figure 3(e-f)]. Moreover, the vacancies are still

observable. The slight improved performance may come from the accrued Ni-Ni(OH),



heterostructures during the HER process in alkaline solution.?*?* Also, it seems the employment

of rGO could stabilize the vacancies to some extent.
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Figure 3. Stability of the ANBC-200 sample. (a) Chronoamperometry curve for 10 hours tested
at -0.4 V (vs. RHE). (b) EIS curves at the initial, 4 hours and 10 hours, respectively. (c) Low-
magnification and (d) high-magnification TEM image of ANBC-200 sample after 10 hours
stability test. (e) Fast- Fourier transfer (FFT) image of the area marked by red square in (d). (f)

IFFT image of the red square in (d); the vacancies are marked by pink circles.

This work reports a simple and effective method to prepare vacancy-rich Ni for HER via water
electrolysis. After subjecting the two-dimensional Ni2B@rGO to alkaline solution, boron can be
effectively removed resulting in the in-situ formation of vacancies. The formation of vacancies
leads to chemically unbalanced and highly reactive Ni atoms, which partially transforms into p-
Ni(OH); and forms a Ni/Ni(OH): heterostructure. As a result, this vacancy-rich

Ni/Ni(OH)>@rGO heterostructure displays dramatic improvement in HER performance over its

10



precursor, with a low overpotential of 159 mV (at 10 mA-cm™ current density) in 1 M KOH.
This work sheds light on how to improve the catalytic activity of transition metal based catalyst
via the formation of boron borides (such as NiB/NiB», NiCoB/NiFeB) followed by a simple
leaching process to create multi-defect rich structure. This strategy can also be implemented to

produce other vacancy-rich catalysts for various chemical reactions.
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