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In-situ Growth of Ultrathin Ni(OH)2 Nanosheets Catalyst for 

Electrocatalytic Oxidation Reactions 

Jifang Zhang,[a,b] Wanbing Gong,*[a] Huajie Yin,[a,c] Dongdong Wang,[a,b] Yunxia Zhang,[a] Haimin 

Zhang,[a] Guozhong Wang,[a] and Huijun Zhao*[a,c] 

Abstract: Development of electrocatalysts capable of efficiently 

oxidizing biomass-derived 5-hydroxymethylfurfural (HMF) into 2,5-

furandicarboxylic acid (FDCA) is critically important for production of 

degradable plastics via non-fossil routes. Herein, we report a facile 

and scalable immersion synthetic approach to in situ grow ultrathin 

nickel hydroxide nanosheets on commercial nickel foam 

(Ni(OH)2/NF) as an anode to electrocatalytically oxidize HMF to 

FDCA with complete HMF conversion, 100% FDCA yield and > 99% 

Faraday efficiency at 1.39 V (vs RHE) within 90 min. The 

mechanistic studies unveil that the initial oxidation of HMF takes 

place on its carbonyl group and FDCA is yielded through two further 

oxidation steps. Impressively, the synthesized Ni(OH)2/NF can also 

be used to electrocatalytically oxidize other alcohol/aldehyde 

containing compounds to the targeted products in alkaline medium 

with 100% yield and > 94% faradic efficiency under a low oxidation 

potential of 1.39 V (vs. RHE) within short reaction times.  

Introduction 

With the sharply increased environmental pollution and rapidly 

depleted non-renewable fossil reserves, the search for 

renewable resources has become an urgency to reduce our 

reliance on petroleum source and mitigate carbon dioxide 

emission.[1] In this regard, biomass is the most abundant 

renewable resources on earth that can be used to replace 

petroleum for production of biofuels and valuable chemicals.[2] 

As one of the important biomass-derived platform compounds, 

5-hydroxymethylfurfural (HMF) can be synthesized by 

dehydration of cellulosic biomass and upgraded to high energy 

density fuels and chemicals by means of catalytic oxidation, 

hydrogenation and condensation reactions.[2a, 3] Among them, 

the catalytic oxidation of HMF to produce 2,5-furandicarboxylic 

acid (FDCA) has attracted much attention because FDCA can 

be used to replace the petroleum-derived monomer for 

production of the degradable plastic.[2c, 4] Conventionally, the 

oxidation of HMF to FDCA is achieved typically by the bio- and 

thermos-catalytic conversion methods.[5] However, the former 

encounters long fermentation processes and high costs of the 

bioreactor, while the latter requires the use of precious metal 

catalysts (e.g., Pd, Au and Pt) and harsh reaction conditions 

(e.g., high reaction temperature, high O2 or air pressure).[4a, 4b, 5, 

6] It is therefore highly desirable to develop nonprecious catalysts 

capable of efficiently converting HMF to FDCA under mild 

conditions. 

Recently, the electrocatalytic oxidation (ECO) of HMF to 

FDCA has attracted increasing attention due to the advantages 

of low energy consumption, moderate operation conditions and 

the use of water as oxygen source.[6] Importantly, the ECO of 

HMF can be readily combined with hydrogen evolution reaction 

(HER) to simultaneously generate clean hydrogen fuel that adds 

not only economic value but also energy efficiency.[7] To date, 

the reported electrocatalysts for ECO of HMF include Ni3S2,[8] 

NiO-Co3O4,[9] NiCoFe-LDHs,[1a] NixB,[7] NiFe-LDH[10], NiOOH[6] 

and noble metal catalysts (e.g., Pt[2b], Au[11]). For instance, Sun’s 

group developed Ni3S2 and Ni2P electrocatalysts via a one-step 

sulfurization and phosphidation of commercial nickel foam (NF), 

respectively.[4b, 8] The obtained catalysts can achieve complete 

HMF conversion with > 98% FDCA yields and > 98% faradaic 

efficiencies (FEs) under an applied potential of 1.423 V (vs. 

RHE) in 1.0 M KOH. Recently, Wang’s group fabricated a 

hierarchical nanostructure NiO-Co3O4 electrode with plentiful 

interfacical defects through a simple hydrothermal-annealing 

method.[9] Their NiO-Co3O4 electrode possesses excellent 

electrocatalytic activity toward ECO of HMF to FDCA, achieving  

a 98% FDCA yield with 96% FE under a low potential of 1.45 V 

(vs. RHE). The reported metal hydroxides-based 

electrocatalysts for ECO of HMF are of bimetallic and trimetallic 

LDHs.[1a, 10] For example, the bimetallic NiFe LDH nanosheets 

reported by Liu and co-workers can achieve a 99% HMF 

conversion with a 98% FDCA yield and 99.4% FE within 10 h 

under a low applied potential of 1.23 V (vs. RHE).[10] However, 

up till now, only few single metal hydroxides based 

electrocatalysts have been reported. The first single metal 

hydroxide electrocatalyst for ECO of HMF was reported by 

Grabowski and co-workers in 1991.[12] They formed Ni(OH)2 on a 

Ni mesh  to yield 71% of FDCA with a FE of 84%. Choi’s group 

recently systematically investigated the ECO activity of NiOOH, 

CoOOH and FeOOH under strong alkaline conditions.[6] Among 

the three transition-metal hydroxides electrocatalysts 

investigated, NiOOH showed the best ECO performance, which 

can achieve a near 100% HMF conversion within 4.7 h with a 

96% FDCA yield and a FE of 96% under an applied potential of 

1.47 V (vs. RHE).  

Herein, we reported a very simple and scalable immersion 

synthetic approach to in situ grow ultrathin Ni(OH)2 nanosheets 

on NF. The resultant Ni(OH)2/NF is used as an anode to 

electrocatalytically oxidize HMF to FDCA and other 
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alcohol/aldehyde containing compounds to the targeted 

oxidation products in alkaline medium. The mechanistic studies 

were carried out to depict the reaction pathway of ECO of HMF 

to FDCA.  

Results and Discussion 

Synthesis and characterization 

The typical synthetic procedure of Ni(OH)2/NF is briefly 

illustrated (Figure S1, Supporting Information). The commercially 

supplied NF was firstly treated by hydrochloric acid, ethanol and 

water to remove surface impurities (Figure S2, Supporting 

Information). The treated NF was then immersed in 40 mL 

aqueous solution containing 2 mmol NiSO4·6H2O and 4 mmol 

urea at room temperature for 12 h to allow the growth of Ni(OH)2 

nanosheets on NF (denoted as Ni(OH)2/NF). The field emission 

scanning electron microscopic (FESEM) images (Figure 1a) 

confirm the formation of uniform nanosheets on the surface of 

NF. The transmission electron microscopic (TEM) images and 

the corresponding area electron diffraction (SAED) pattern 

(Figure 1b) unveil that the formed nanosheets are ultrathin 

amorphous nanosheets. The atomic force microscope (AFM) 

images and corresponding height-profiles further confirm the 

ultrathin nature of the nanosheets with approximately 3.6 nm in 

thicknesses (Figures 1c, d).  

The X-ray photoelectron spectroscopy (XPS) was employed to 

examine the surface chemical states of the as-synthesized 

Ni(OH)2/NF. Figure 1e shows the high resolution XPS spectrum 

of Ni 2p. The peaks centered at 873.5 and 855.9 eV can be 

respectively assigned to Ni2+ 2p1/2 and Ni2+ 2p3/2.[10] Importantly, 

a spin-energy separation of 17.6 eV for Ni 2p1/2 and Ni 2p3/2 

indicates the formation of Ni(OH)2.[13] As can be seen from 

Figure 1f, the high resolution XPS spectrum of O 1s can be fitted 

to two peaks, one is assignable to the formation of Ni-OH (531.0 

eV) and another is associated to the absorbed water (532.0 

eV).[14] As expected, due to its amorphous nature,[15] no 

diffraction peak of Ni(OH)2 is unveiled by the X-ray diffraction 

(XRD) pattern of the as-synthesized Ni(OH)2/NF (Figure S3, 

Supporting Information). The above results confirm that the as-

synthesized Ni(OH)2/NF is made of ultrathin amorphous Ni(OH)2 

nanosheets on NF. 

 

Figure 1. (a) SEM images, (b) TEM image (Inset: SAED pattern), (c) AFM image, (d) Height profiles, (e) Ni 2p spectrum and (f) O 1s spectrum of the as 

synthesized Ni(OH)2/NF.
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Electrocatalytic oxidation performance 

The ECO performance of the obtained Ni(OH)2/NF was 

evaluated using a H-type electrochemical cell consisting of a 

standard three-electrode system with a 1 × 1 × 0.1 cm3 

Ni(OH)2/NF or bare NF working electrode, a calibrated Hg/HgO 

reference electrode and a Pt mesh counter electrode. Unless 

otherwise stated, a 25 mL 1.0 M KOH solution with or without 10 

mM HMF was employed. 

Figure 2a shows the linear sweep voltammetry (LSV) curves 

of Ni(OH)2/NF and NF in the presence and absence of HMF. In 

the absence of HMF, the LSV response of NF is resulted from 

the oxygen evolution reaction (OER). For Ni(OH)2/NF, the 

recorded response within the potential window #I can be 

assigned to the oxidation of Ni2+ to Ni3+,[7, 16] while OER takes 

place within the potential windows #II and #III. Ni(OH)2/NF and 

NF require 1.62 and 1.69 V (vs RHE), respectively, to achieve 

an anodic current density of 50 mA cm-2. In the presence of 10 

mM HMF, the increased current densities observed from 

Ni(OH)2/NF within the potential windows #I and #II are resulted 

from OER and ECO of HMF. However, after 1.4 V (vs RHE), the 

significantly increased current density is mainly attributed to 

ECO of HMF, indicating an excellent electrocatalytic activity of 

Ni(OH)2/NF toward HMF. As a control sample, the current 

density of the NF electrode also increases in the presence of 

HMF at 1.6 V (vs RHE), confirming that the oxidation of HMF is 

also thermodynamically more favorable than water oxidation 

over the bare NF. However, the Tafel slope of Ni(OH)2/NF is 

significantly reduced from 284.9 to 84.1 mV dec−1 after addition 

10 mM HMF (Figure 2b), further indicating that ECO of HMF is 

more favorable than OER. Figure S4 (Supporting Information) 

shows the cyclic voltammetry (CV) responses of Ni(OH)2/NF and 

NF in 1.0 M KOH. The pair of redox peaks observed from 

Ni(OH)2/NF corresponds to the reversible redox reaction of Ni2+ 

↔ Ni3+.[7, 16] Importantly, within the potential window of 1.3-1.4 V 

(vs. RHE), the measued current density from Ni(OH)2/NF is 

much higher than that from NF, implying that Ni(OH)2/NF 

possesses much more active sites and/or much larger active 

surface area than that of NF. Figure S5 (Supporting Information) 

shows CV curves of Ni(OH)2/NF and NF within a non-faradaic 

potential range, which are used to derive the double-layer 

capacitances (Cdl) of the corresponding electrodes. As shown in 

Figure 2c, the measured Cdl for Ni(OH)2/NF is 388.9 mF cm-2, 

which is 45-fold of that for NF (8.46 mF cm-2), confirming that 

Ni(OH)2/NF possesses a much larger electrochemical surface 

areas (ECSA) than that of NF. The charge transfer resistance 

(Rct) is an important performance indicator and was therefore 

measured by electrochemical impedance spectroscopy (EIS). 

Figure 2d shows the Nyquist plots of Ni(OH)2/NF in the presence 

and absence of 10 mM HMF. The significantly reduced Rct in the 

presence of 10 mM HMF suggests that Ni(OH)2/NF possesses a 

faster charge-transfer kinetics for ECO of HMF than that for 

OER.  

 

Figure 2. (a) LSV curves of Ni(OH)2/NF and NF in 1.0 M KOH without and with 10 mM HMF; (b)Tafel plots of Ni(OH)2/NF in 1.0 M KOH without and with 10 mM 

HMF; (c) Cdl of Ni(OH)2/NF and NF in 1.0 M KOH (data are derived from Figure S6); (d) Nyquist plots of Ni(OH)2/NF electrode in 1.0 M KOH without and with 10 

mM HMF.  
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Figure 3. (a) Chronoamperometric curves of Ni(OH)2/NF under different potentials in 1.0 M KOH  solution containing 10 mM HMF; (b) Plotting HMF conversion 

and yielded products  by Ni(OH)2/NF  against reaction time in 1.0 M KOH  solution containing 10 mM HMF at 1.39 V (vs RHE); (c) Kinetic fitting curves for ECO of 

HMF to FDCA by Ni(OH)2/NF and NF; (d) Chronoamperometric curves and (e) FDCA yield and FE of Ni(OH)2/NF during five successive reuse cycles; (f) SEM 

images of Ni(OH)2/NF after reuse cycles; (g, h) Ni 2p and O 1s XPS spectra of Ni(OH)2/NF before and after reuse cycles, and Ni(OH)2/NF (the spectra denoted as 

Activated) subjected to 1.39 V (vs RHE) for 10 min.  

The performance of Ni(OH)2/NF toward ECO of HMF was then 

quantitatively evaluated. For all experiments, the yielded 

oxidation products were quantified by HPLC (Figure S6, 

Supporting Information). The impact of the applied potential on 

ECO of HMF was firstly studied under a fixed reaction time of 90 

min (Figure 3a and Table S1, Supporting Information). The 

results reveal an optimal potential of 1.39 V (vs. RHE) for ECO 

of HMF to FDCA. A set of chronoapoerometric experiments 
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were also performed to confirm if the NF substrate made a 

noticeable contribution to the ECO of HMF achieved by 

Ni(OH)2/NF. As shown in Figure S7 (Supporting Information), 

comparing with the the chronoamperometric curve of 

Ni(OH)2/NF at 1.39 V (vs. RHE) (Figure 3d), the current 

densities obtained from NF over the five consecutive 

experimental cycles are much lower (< 15 mA cm-2), implying 

that the effect of NF on the ECO performance of Ni(OH)2/NF is 

negligible. In other word, the observed ECO activity of 

Ni(OH)2/NF is due mainly to the presence of the ultrathin 

amorphous Ni(OH)2 nanosheets. The chronoamperometric 

experiments under a fixed potential of 1.39 V (vs RHE) were 

then performed to investigate the effect of reaction time on HMF 

conversion and the yielded oxidation products. As shown in 

Figure S8a (Supporting Information), due to the consumption of 

HMF, the current density decreases with the reaction time. 

Figure S8b (Supporting Information) shows the HPLC 

chromatograms recorded at different reaction times and the 

determined ECO products are plotted against the reaction time 

(Figure 3b). At 40 min, 95.3% of HMF is electrocatalytically 

oxidized to yield 80.7% FDCA, and 11.2% 5-hydroxymethyl-2-

furan-carboxylic acid (HMFCA) and 3.4% 2-formyl-5-

furancarboxylic acid (FFCA) as the reaction by-products. As the 

reaction proceeded to 80 min, although a near 100% HMF 

conversion is achieved, the yielded FDCA is only 93.7%, due to 

the presence of 4.0% HMFCA and 2.3% of FFCA. At 90 min, the 

residue HMFCA and FFCA are completely converted to FDCA to 

achieve a 100% FDCA yield. Such a rapid conversion of HMF 

can effectively prevent the disproportionation of HMF under 

strong alkali conditions.[3c] Impressively, a superb FE of > 99% is 

also achieved. Such ECO performance achieved by Ni(OH)2/NF 

is comparable to or better than the state-of-the-art 

electrocatalysts reported to date (Table S2, Supporting 

Information). For comparative purpose, the ECO of HMF by NF 

was also performed using identical conditions as those used for 

Figure 3b. As unveiled by Figure S9 (Supporting Information), at 

90 min, NF can only electrocatalytically oxidize 11.6% of HMF 

with 2.1% FDCA yield, further confirming that the superb ECO 

electrocatalytic activity achieved by Ni(OH)2/NF is due to the 

presence of ultrathin amorphous Ni(OH)2 nanosheets.  

The kinetic properties of Ni(OH)2/NF and NF for ECO of HMF 

to FDCA was also investigated using the data derived from 

Figures S8 and 9 (Supporting Information). As disclosed by 

Figure 3c, the plot of ln(CHMF/Co) against the reaction time gives 

a linear relationship, indicating that the ECO of HMF to FDCA is 

a first-order kinetic reaction. The kinetic constants (k) derived 

from the slop of ln(CHMF/Co) – time plots are 7.6×10-2 and 

1.05×10-3 min-1 for Ni(OH)2/NF and NF, respectively, confirming 

that the ECO kinetic process of Ni(OH)2/NF is >72 times faster 

than that of NF.  

The durability and reusability are important performance 

indicators for a catalyst and were therefore investigated. The 

current – time profiles (Figure 3d) and LSV (Figure S10, 

Supporting Information) curves recorded over the five 

consecutive reuse cycles show no noticeable characteristic 

change. The Over 97% of FDCA yield and FE are retained at the 

end of the test (Figure 3e), signifying the excellent durability and 

reusability of Ni(OH)2/NF for ECO of HMF. Such superior ECO 

stability can be attributed to the structural stability of Ni(OH)2/NF 

as evidenced by the well-retained morphology after the reuse 

cycles (Figure 3f). Interestingly, after the reuse cycles, the 

Raman spectrum peak at 462 cm−1 corresponding to the 

vibration band of Ni(OH)2 is found to be vanished (Figure S11a, 

Supporting Information), indicating that Ni2+ is oxidized to higher 

valence states.[17] This is further confirmed by the positively 

shifted Ni and O peaks[17] in the high resolution XPS spectra of 

Ni 2p and O 1s after the reuse cycles (Figures 3g, h). In fact, as 

unveiled by the green colored Ni 2p and O 1s spectra shown in 

Figure 3g, h, the surface Ni2+ in the as-synthesized Ni(OH)2/NF 

can be oxidized to higher valence states when subjected to 1.39 

V (vs RHE) for 10 min. Furthermore, the XRD pattern, TEM 

image and the corresponding SAED pattern (Figures S11b, c, 

Supporting Information) obtained from Ni(OH)2/NF after 

durability test confirm the amorphous nature of the formed high 

valence states Ni. These results confirm that under the 

electrochemical conditions, a rapid oxidation of Ni2+ to higher 

valence states takes place at the beginning stage of ECO and 

the formed high valence Ni species are highly stable during the 

subsequent ECO process, suggesting that such in situ 

electrochemically generated high valence Ni species could be 

the active species responsible for ECO of HMF to FDCA.[2e, 17, 18] 

Possible reaction pathway  

 

Scheme 1. Reaction pathways for ECO of HMF to FDCA. 
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It has been widely reported that the oxidation of HMF to FDCA 

can be achieved via two different pathways (Scheme 1).[2d] One 

is through an initial carbonyl group oxidation to form HMFCA 

intermediate (Path #I in Scheme 1), while another is via an initial 

hydroxy group oxidation to yield 2,5-diformylfuran (DFF) 

intermediate (Path #II in Scheme 1). Both HMFCA and DFF 

intermediates can then be further oxidized to yield FFCA 

intermediate, which is finally oxidized to FDCA. As demonstrated 

in Figure 3b, in the presence of 10 mM of HMF, the ECO of HMF 

to FDCA is proceeded mainly through Path #I as evidenced by 

HMFCA being the main initial intermediate (Figure S8b, 

Supporting Information).[8, 19] Figure 4a shows the kinetic fitting 

plots of Ni(OH)2/NF from ECO of HMFCA and DFF to FDCA, 

respectively. The unveiled kHMFCA > kDFF further evidenced that 

the Path #I is more favorable than the Path #II. Nevertheless, 

whether the reaction would still proceed through Path #I with the 

reaction solution containing a high HMF concentration is not 

known. The purposely designed experiments were therefore 

carried out to confirm the reaction pathway under a high HMF 

concentration of 50 mM. Figure S12 (Supporting Information) 

shows the HPLC chromatograms recorded at different reaction 

times, and the determined ECO products concentrations are 

plotted against the reaction time (Figure 4b). The co-existence of 

HMFCA and DFF intermediates are observable before the 

reaction proceeded to 480 min, where the unreacted HMF 

concentration is < 5 mM. The content ratio of HMFCA and DFF 

is found to be increased during the initial reaction period and 

reached a maximum ratio of ~5 at 180 min. The prolonged 

reaction leads to a decreased HMFCA/DFF content ratio. These 

results sugget that with high HMF concentration, a small fraction 

of ECO of HMF to FDCA can proceed through Path #II.   

 

Figure 4. (a) Kinetic fitting plots of Ni(OH)2/NF from ECO of HMFCA and DFF 

to FDCA in 1.0 M KOH  solution containing 5 mM of HMFCA or DFF at 1.39 V 

vs. RHE; (b) Reactant and products concentration – reaction time plots for 

ECO of HMF catalyzed by Ni(OH)2/NF under a 1.39 V (vs. RHE) potential in 

25 mL 1.0 M KOH  solution containing 50 mM HMF. 

Substrate scope  

The ECO performance of Ni(OH)2/NF toward other 

alcohol/aldehyde containing compounds including furfural, 

furfuryl alcohol, benzaldehyde and benzyl alcohol were 

evaluated. Figure S13 (Supporting Information) shows the 

chronoamperometric curves of Ni(OH)2/NF recorded from in 25 

mL 1.0 M KOH containing 10 mM of substrate under a 1.39 V 

(vs RHE) applied potential and the achieved substrate 

conversions, targeted product yields and corresponding FEs are 

listed in Table 1. As can be seen, for all cases investigated, 

100% conversion of the substrates to the targeted acid products 

with an essentially 100% yield can be attained. The required 

reaction times for ECO of furfural, furfuryl alcohol, benzaldehyde 

and benzyl alcohol are 30, 50, 30 and 90 min, respectively. 

These results demonstrated a generic applicability of 

Ni(OH)2/NF toward ECO of alcohol and aldehyde containing 

compounds to the corresponding carboxylic containing 

compounds. 

Table 1. ECO of various substrates catalyzed by Ni(OH)2/NF.[a] 

Substrate Product 
Time 
(min) 

Conv. 
(%) 

Yield 
(%) 

FE 
(%) 

  

30 100 > 99 96.5 

  

50 100 > 99 97.4 

  

30 100 > 99 98.2 

  

90 100 > 99 94.6 

[a] Reaction conditions: Substrates: 10 mM; 1.0 M KOH: 25 mL; Room 

temperature; 1.39 V (vs RHE). 

Conclusion 

In summary, we have demonstrated a facile immersion synthetic 

approach to directly in situ grow the ultrathin amorphous nickel 

hydroxide nanosheets on commercial nickel foam substrate. The 

as-synthesized catalyst can be successfully applied as an anode 

for ECO of HMF to FDCA and other alcohol/aldehyde containing 

compounds to the targeted acid products in alkaline medium 

with 100% yield for the targeted oxidation products and > 94% 

faradic efficiency under a low oxidation potential of 1.39 V (vs. 

RHE) within short reaction times. We also depicted the reaction 

pathway for ECO of HMF to FDCA. In addition, we proposed 

and validated that the superb ECO performance of Ni(OH)2/NF 

is resulted from the formed higher valence Ni species during 

electrocatalysis. 
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Experimental Section 

Chemicals and materials 

Hydrochloric acid (HCl, 36.0-38.0%), methanol (CH3OH) and ethanol 

(CH3CH2OH) were purchased from Sinopharm Chemical Reagent Co., 

Ltd. Urea, 5-hydroxymethylfurfural (HMF), 2,5-furandicarboxylic acid 

(FDCA), 5-hydroxymethyl-2-furan-carboxylic acid (HMFCA), 2,5-

diformylfuran (DFF), 2-formyl-5-furancarboxylic acid (FFCA), potassium 

hydroxide (KOH), ammonium formate and nickel sulfate (NiSO4·6H2O) 

were purchased from Aladdin Reagent Company. Nickel foam (NF) was 

purchased from Kunshan Longshengbao Electronic Material Co., Ltd. 

Deionized water with 18.2 MΩ cm resistance was used. All the chemicals 

were used as received without further purification. 

Synthesis of Ni(OH)2/NF 

A piece of commercially supplied NF (3 × 2 × 0.1 cm3) was firstly treated 

by 1.0 M HCl solution for 15 minutes and rinsed with ethanol and 

deionized water to remove surface impurities. The treated NF was then 

immersed in 40 mL aqueous solution containing 2 mmol NiSO4·6H2O and 

4 mmol urea under sonication for 12 h at the room temperature to obtain 

Ni(OH)2/NF. The fabricated Ni(OH)2/NF was rinsed by deionized water 

and dried in vacuum ready for use. 

Catalysts characterization 

FESEM images were obtained by a Hitachi SU8020 operated at an 

accelerating voltage of 10.0 kV. TEM images were obtained by a JEOL-

2010 at 200 kV. XRD patterns were recorded using a Philips X-Pert Pro 

X-ray diffractometer with Cu-Kα radiation (λ Kα1=1.5418 Å) at 40 kV and 

40 mA. Raman spectra were obtained using a LabRAM HR800 confocal 

microscope Raman system (Horiba Jobin Yvon) using an Ar ion laser 

operating at 532 nm. XPS was performed using an ESCALAB 250 X-ray 

photoelectron spectrometer (Thermo, USA) equipped with Al Kα1,2 

monochromatized radiation at 1486.6 eV X-ray source. An atomic force 

microscope (AFM, PARK NX10) was used to measure the thickness of 

the as-synthesized Ni(OH)2 nanosheets.  

Electrochemical measurements 

All electrochemical measurements were performed on an 

electrochemical workstation (CHI 660, China) using a H-type 

electrochemical cell consisting of a standard three-electrode system with 

a 1 × 1 × 0.1 cm3 Ni(OH)2/NF or bare NF working electrode, a calibrated 

Hg/HgO reference electrode and a Pt mesh counter electrode. A 25 mL 

1.0 M KOH solution with or without HMF was employed. The measured 

potentials versus the reversible hydrogen electrode (RHE) were 

converted based on the following equation:  

ERHE = EHg/HgO + 0.098 + 0.059 × pH                                                       (1) 

Electrochemical impedance spectroscopy (EIS) test was performed on 

CHI 660.  

Product analysis 

HMF and oxidation products were quantitatively determined by a HPLC 

(Waters 1525) equipped with an ultraviolet−visible detector and a 4.6 mm 

× 150 mm Shim-pack GWS 5 μm C 18 column. A mixture of solvents A 

and B was used as the mobile phase for elution. Solvents A and B were 

an aqueous solution containing 5 mM ammonium formate and HPLC 

grade methanol. The separation and quantification were accomplished 

using an isocratic elution of 70% A and 30% B at a flow rate of 0.5 mL 

min−1. The conversion (%), faraday efficiency (FE) and yield (%) were 

calculated according to the following equations: 

Conversion (%) = [n (HMF consumed) / n (HMF initial)] × 100   (2) 

FE (%) = [n (FDCA formed) / (Charge / (6 × F))] × 100         (3) 

FDCA Yield (%) = [n (FDCA formed) / n (HMF initial)] × 100         (4) 

Where, F is the Faraday constant (96485 C mol-1), and n is the mol of 

reactant calculated from the concentration measured by HPLC. 

Acknowledgements 

This work was financially supported by the National Natural 

Science Foundation of China (Grant No. 51902311). 

Conflict of Interest 

The authors declare no conflict of interest. 

Keywords: biomass valorization • 5-hydroxymethylfurfural • 

electrocatalytic oxidation • electrocatalysts • Ni(OH)2 nanosheet 

[1] a) M. Zhang, Y. Liu, B. Liu, Z. Chen, H. Xu, K. Yan, ACS Catal. 

2020, 10, 5179-5189; b) Y. Lu, C. L. Dong, Y. C. Huang, Y. 

Zou, Z. Liu, Y. Liu, Y. Li, N. He, J. Shi, S. Wang, Angew. 

Chem. Int. Ed. 2020, 59, 19215-19221; Angew. Chem. 2020, 

132, 19377–19383; c) D. J. Chadderdon, L. Xin, J. Qi, Y. Qiu, 

P. Krishna, K. L. More, W. Li, Green Chem. 2014, 16, 3778-

3786. 

[2] a) S. Choi, M. Balamurugan, K. G. Lee, K. H. Cho, S. Park, H. 

Seo, K. T. Nam, J. Phys. Chem. Lett. 2020, 11, 2941-2948; b) 

Y. Zhou, Y. Gao, X. Zhong, W. Jiang, Y. Liang, P. Niu, M. Li, G. 

Zhuang, X. Li, J. Wang, Adv. Funct. Mater. 2019, 29, 1807651; 

c) N. Jiang, B. You, R. Boonstra, I. M. Terrero Rodriguez, Y. 

Sun, ACS Energy Lett. 2016, 1, 386-390; d) D.-H. Nam, B. J. 

Taitt, K.-S. Choi, ACS Catal. 2018, 8, 1197-1206; e) L. Gao, Y. 

Bao, S. Gan, Z. Sun, Z. Song, D. Han, F. Li, L. Niu, 

ChemSusChem 2018, 11, 2547-2553. 

[3] a) A. C. Cardiel, B. J. Taitt, K.-S. Choi, ACS Sustainable Chem. 

Eng. 2019, 7, 11138-11149; b) J. J. Roylance, T. W. Kim, K.-S. 

Choi, ACS Catal. 2016, 6, 1840-1847; c) X. Deng, X. Kang, M. 

Li, K. Xiang, C. Wang, Z. Guo, J. Zhang, X.-Z. Fu, J.-L. Luo, J. 

Mater. Chem. A 2020, 8, 1138-1146. 

[4] a) S. R. Kubota, K. S. Choi, ChemSusChem 2018, 11, 2138-

2145; b) B. You, N. Jiang, X. Liu, Y. Sun, Angew. Chem. Int. 

Ed. 2016, 55, 9913-9917; Angew. Chem. 2016, 128, 10067-

10071; c) L. Bao, F. Z. Sun, G. Y. Zhang, T. L. Hu, 

ChemSusChem 2019, 13, 548-555. 

[5] a) R. Latsuzbaia, R. Bisselink, A. Anastasopol, H. van der 

Meer, R. van Heck, M. S. Yagüe, M. Zijlstra, M. Roelands, M. 

Crockatt, E. Goetheer, E. Giling, J. Appl. Electrochem. 2018, 

48, 611-626; b) C. X. Yang, X. Li, Z. Z. Zhang, B. H. Lv, J. C. 

Li, Z. J. Liu, W. Z. Zhu, F. R. Tao, G. Q. Lv, Y. X. Yang, J. 

Energy Chem. 2020, 50, 96-105. 

[6] B. J. Taitt, D.-H. Nam, K.-S. Choi, ACS Catal. 2018, 9, 660-

670. 

[7] S. Barwe, J. Weidner, S. Cychy, D. M. Morales, S. Dieckhofer, 

D. Hiltrop, J. Masa, M. Muhler, W. Schuhmann, Angew. Chem. 

Int. Ed. 2018, 57, 11460-11464; Angew. Chem. 2018, 130, 

11631–11636. 

[8] B. You, X. Liu, N. Jiang, Y. Sun, J. Am. Chem. Soc. 2016, 138, 

13639-13646. 

[9] Y. Lu, C.-L. Dong, Y.-C. Huang, Y. Zou, Y. Liu, Y. Li, N. Zhang, 

W. Chen, L. Zhou, H. Lin, S. Wang, Sci. China Chem. 2020, 

63, 980-986. 

[10] W.-J. Liu, L. Dang, Z. Xu, H.-Q. Yu, S. Jin, G. W. Huber, ACS 

Catal. 2018, 8, 5533-5541. 

10.1002/cssc.202100811

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.



FULL PAPER    

8 

 

[11] A. R. Poerwoprajitno, L. Gloag, J. Watt, S. Cychy, S. Cheong, 

P. V. Kumar, T. M. Benedetti, C. Deng, K. H. Wu, C. E. Marjo, 

D. L. Huber, M. Muhler, J. J. Gooding, W. Schuhmann, D. W. 

Wang, R. D. Tilley, Angew. Chem. Int. Ed. 2020, 59, 15487-

15491; Angew. Chem. 2020, 132, 15615–15620. 

[12] G. Grabowski, J. Lewkowski, R. Skowronski, Electrochim. Acta 

1991, 36, 1995-1995. 

[13] a) S. Li, J. Wen, T. Chen, L. Xiong, J. Wang, G. Fang, 

Nanotechnology 2016, 27, 145401; b) W. Wang, Y. Wang, R. 

Yang, Q. Wen, Y. Liu, Z. Jiang, H. Li, T. Zhai, Angew. Chem. 

Int. Ed. 2020, 59, 16974-16981; Angew. Chem. 2020, 132, 

17122–17129; c) Q. Zhou, Y. Chen, G. Zhao, Y. Lin, Z. Yu, X. 

Xu, X. Wang, H. K. Liu, W. Sun, S. X. Dou, ACS Catal. 2018, 8, 

5382-5390. 

[14] J. Hao, J. W. Liu, D. Wu, M. X. Chen, Y. Liang, Q. Wang, L. 

Wang, X. Z. Fu, J. L. Luo, Appl. Catal. B-Environ. 2021, 281, 

119510. 

[15] G. Yuan, L. Wang, X. Zhang, Q. Wang, J. Colloid Interf. Sci. 

2019, 536, 189-195. 

[16] P. Zhang, X. Sheng, X. Chen, Z. Fang, J. Jiang, M. Wang, F. 

Li, L. Fan, Y. Ren, B. Zhang, B. J. J. Timmer, M. S. G. Ahlquist, 

L. Sun, Angew. Chem. Int. Ed. 2019, 58, 9155-9159; Angew. 

Chem. 2019, 131, 9253–9257. 

[17] W. Guo, D. Li, D. Zhong, S. Chen, G. Hao, G. Liu, J. Li, Q. 

Zhao, Nanoscale 2020, 12, 983-990. 

[18] K. Rui, G. Zhao, Y. Chen, Y. Lin, Q. Zhou, J. Chen, J. Zhu, W. 

Sun, W. Huang, S. X. Dou, Adv. Funct. Mater. 2018, 28, 

1801554. 

[19] X. Huang, J. Song, M. Hua, Z. Xie, S. Liu, T. Wu, G. Yang, B. 

Han, Green Chem. 2020, 22, 843-849. 

 

10.1002/cssc.202100811

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.



FULL PAPER    

9 

 

 

Entry for the Table of Contents 

  

A facile immersion approach is 

innovatively utilized to in situ grow the 

ultrathin nickel hydroxide nanosheets 

catalyst and used as a superb anode to 

electrocatalytically oxidize HMF to FDCA 

with 100% yield and essentially 100% 

faradic efficiency under a low potential of 

1.39 V (vs. RHE) within short reaction 

time.  

J. Zhang, W. Gong*, H. Yin, D. Wang, Y. 

Zhang, H. Zhang, G. Wang, H. Zhao* 

Page No. – Page No. 

In-situ Growth of Ultrathin Ni(OH)2 

Nanosheets Catalyst for 

Electrocatalytic Oxidation Reactions 

 

 

 

 

10.1002/cssc.202100811

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemSusChem

This article is protected by copyright. All rights reserved.


