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a b s t r a c t

Developing highly efficient and cost-effective catalysts for electrochemically oxidizing biomass-derived 5-

hydroxymethylfurfural (HMF) into value-added 2,5-furandicarboxylic acid (FDCA) is of great importance.

Herein, we report a controllable nitrogen doping strategy to significantly improve the catalytic activity of

Co3O4 nanowires for highly selective electro-oxidation of HMF into FDCA. The nitrogen doping leads to

the generation of defects including nitrogen dopants and oxygen vacancies in Co3O4 nanowires, which is

conducive to the formation of catalytically active sites. As a result, the electro-oxidation potential for HMF

is only 1.38 V (vs. RHE) when the current density reaches 50 mA/cm2. More importantly, the conversion

rate of HMF is as high as 99.5%, and the yield of FDCA is up to 96.4%.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Biomass is a kind of abundant carbon neutral renewable re-

source, which can be used to produce bio-energy and biological

materials [1,2]. Thus, substitution of petroleum-based chemicals

with biomass and its derivatives will play a key role in sustain-

ing the growth of the chemical industry since the large-scale con-

sumption of fossil fuel leads to global energy shortages and climate

deterioration [3]. As a biomass derivative, 5-hydroxymethylfurfural

(HMF) is an important platform chemical, since HMF can be fur-

ther converted into high-value-added versatile chemicals [4,5]. In

particular, 2,5-furandicarboxylic acid (FDCA), which can be ob-

tained by the selective oxidation of HMF, is an important monomer

to produce polymeric materials [6–8]. However, the kinetics of se-

lective oxidation of alcohol groups of HMF to carboxylic acids is

slow, thus the oxidation reaction of HMF usually occurs under high

temperature and pressure to speed up the conversion [9,10].

In recent years, electrochemical catalysis becomes a favorable

approach for the selective conversion of organic compounds, which

is completely driven by electrochemical potential and does not re-

quire harsh oxidation conditions. Since the electrocatalytic syn-

thesis of FDCA from HMF was firstly reported by Grabowski and

colleagues in 1991 [11], the selective electrochemical oxidation of
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HMF to FDCA has attracted considerable attentions. Interestingly,

the HMF oxidation reaction can be regarded as a substitute for

the oxygen evolution reaction (OER) on the anode in the water

electrolysis process. While realizing the production of high value-

added FDCA, it also realizes the production of green hydrogen at

low voltage. To reduce the overpotential during HMF oxidation, de-

veloping high-performance electro-catalysts for HMF oxidation is

highly desired. Li and colleagues demonstrated the selective from

HMF to FDCA on a bimetallic Pd-Au catalyst [12]. Kim and col-

leagues investigated the catalytic performance of Pd and Au toward

the selective oxidation of ethanol and aldehyde of HMF [13]. To

replace the noble metal catalysts, transition metal-based electro-

catalysts for HMF oxidation have been explored [14–22]. Sun and

colleagues reported the coupling of HMF oxidation and H2 evo-

lution in alkaline medium by using a variety of low-cost cobalt-

nickel composites such as Ni2P, Co-P and Ni3S2 [23–25]. Recently,

spinel Co3O4 has been developed as non-noble metal electrocata-

lyst for HMF oxidation. For instance, Zhang and colleagues reported

that Co3O4 nanowires in situ grown on nickel foam showed a rea-

sonable performance for electro-oxidation of HMF [26]. Compared

with the well-reported environmental materials such as MnO2

[27,28], Co3O4 possesses a more variable Co valence and well-

established fabrication strategies [29], and thus may hold a more

promising potential application in HMF electrocatalysis.
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Fig. 1. (a) XRD pattern of Co3O4/NF and N-Co3O4/NF-2 with the corresponding

standard patterns of Co3O4 and Ni. (b, c) SEM images of N-Co3O4/NF-2 at differ-

ent magnifications. (d) TEM and (e) HRTEM images of N-Co3O4, the inset of Fig. 1e

is SAED pattern of N-Co3O4. (f) EDS elemental mapping images of N-Co3O4.

Although composition and nanostructure control are widely

used to develop electrocatalysts for HMF oxidation, to enhance

the HMF oxidation performance of electrocatalysts via electronic

structure modulation through defect engineering strategy is rarely

reported. Herein, we report a nitrogen-doping strategy to en-

hance the HMF electro-oxidation performance of Co3O4 nanoar-

ray electrocatalyst. It is found that after low-temperature ammonia

treatment of Co3O4 nanowire arrays on nickel foam (Co3O4/NF),

nitrogen-doped Co3O4/NF (N-Co3O4/NF) can be easily obtained.

Compared with pristine Co3O4/NF, N-Co3O4/NF samples exhibit

lower HMF oxidation overpotentials. When the current density

reaches 50 mA/cm2, the electro-oxidation potential of HMF is only

1.38 V (vs. RHE). The conversion rate of HMF is up to 99.5%, and

the yield of FDCA is stable at around 96.4%. These results indi-

cate that nitrogen doping can effectively improve the HMF electro-

oxidation performance of Co3O4, which should be attributed to the

effective regulation of the electronic structure of Co3O4 by nitrogen

doping and the formed oxygen vacancies.

The N-Co3O4/NF catalysts were fabricated by a facile process

as illustrated in Scheme S1 (Supporting information). The Co3O4

nanowire arrays were firstly grown onto NF by a simple hydrother-

mal reaction and a subsequent pyrolysis [30]. Then, Co3O4/NF was

converted into N-Co3O4/NF at certain temperatures under NH3

atmosphere, and the N-Co3O4/NF samples obtained at 150, 250,

350 and 450 °C were denoted as N-Co3O4/NF-1, N-Co3O4/NF-2, N-

Co3O4/NF-3 and N-Co3O4/NF-4, respectively. The X-ray diffraction

(XRD) patterns of N-Co3O4/NF-2 present diffraction peaks at 31.2 °,
36.8 °, 59.3 ° and 65.2 ° (Fig. 1a), which can be assigned to the

(220), (311), (511) and (440) lattice planes of Co3O4 (JCPDS No.

42-1467), respectively. This result indicates that nitrogen doped

Co3O4 largely maintains the crystalline structure of Co3O4 after

ammonia treatment at 250 °C. Interestingly, the diffraction peaks

of N-Co3O4 samples shift negatively with increasing the nitrida-

tion temperature, and no obvious phase change can be observed

until the temperature reached 350 °C (Fig. S1 in Supporting infor-

mation), indicating a partial substitution of O atoms by N atoms

during the low temperature nitrogen doping process [31]. For N-

Co3O4/NF-3, the occurrence of impurity phase is distinct, and the

peaks located at 36.4 °, 42.3 ° and 61.4 ° belong to the (111), (200)

and (220) planes of CoO (JCPDS No. 48-1719), implying that part of

Co3O4 was reduced to CoO by ammonia. Moreover, the diffraction

peaks of Co3O4 crystal disappears when the nitridation tempera-

ture reached 450 °C, conjecturing that Co3O4 is reduced to metal-

lic Co. Note that there are no clear diffraction peaks for metallic

Co can be distinguished due to the interference by strong Ni sig-

nals (Fig. S1) [32]. However, the high-resolution transmission elec-

tron microscopy (HRTEM) image and selected area electron diffrac-

tion (SAED) results verify the formation of metallic Co in the N-

Co3O4/NF-4 products (Fig. S2 in Supporting information).

Scanning electron microscopy (SEM) images present that the

prepared N-Co3O4 nanowires grow vertically and uniformly on NF

surface (Figs. 1b and c), which maintains the initial morphology

of Co3O4 nanowire array structure (Fig. S3 in Supporting infor-

mation). As shown in Fig. S4 (Supporting information), a side-

view SEM image displays that the NiO-Co3O4 nanoneedle array is

uniformly aligned on the Ni foam substrate and the thickness of

these nanoneedle is around 3–4 μm. With increasing the tempera-

ture of ammonia treatment, the Co3O4 nanowire structure grad-

ually collapsed (Fig. S5 in Supporting information). TEM image

of N-Co3O4/NF-2 is shown in Fig. 1d, which further evident that

N-Co3O4 is composed of nanoparticles aligned to form nanowire

structure. HRTEM image presents two sets of lattices spacing with

distances of 0.201 nm and 0.243 nm (Fig. 1e), belonging to the

(400) and (311) facets of Co3O4, respectively. The inset image

of Fig. 1e is the SAED pattern of N-Co3O4, which also confirms

the polycrystalline structure and shows the (311) crystal faces of

Co3O4. Furthermore, the energy dispersive spectrometer (EDS) ele-

mental mapping images show that Co, O and N elements are uni-

formly distributed in the nanowire (Fig. 1f), confirming the suc-

cessful doping of N element.

To further investigate the effect of nitrogen doping into Co3O4,

X-ray photoelectron spectroscopy (XPS) tests were performed

(Fig. 2). The survey spectra confirm the existence of Co, N and O el-

ements in N-Co3O4/NF-2 (Fig. 2a). The peak at approximately 397.8

eV corresponds to Co-N bond formed between Co and N [31,33],

which further confirm the successful doping of N element (Fig. 2b).

The peaks at 406.7 eV and 399.2 eV in N 1s region are assigned to

NO3
− species and the surface chemisorbed N2, respectively. In the

Co 2p region, the peaks at 794.5 and 779.4 eV belong to the Co3+

species of N-Co3O4/NF-2, and the peaks at 796.4 and 781.1 eV and

the two satellites peaks at 803 and 787 eV correspond to the Co2+

species of N-Co3O4/NF-2 (Fig. 2c) [33,34]. It is found that the mole

ratio of Co2+/Co3+ in N-Co3O4 becomes larger than that of pristine

Co3O4, which agrees well with the previous report [31]. Besides,

the Co 2p peaks of N-Co3O4/NF shift negatively with increasing the

nitridation temperature (Fig. S6 in Supporting information). It is

deduced that the partial replacement of lattice O by N leads to the

increase of electron density around the Co species [31]. In Fig. 2d,

the O 1s spectrum can be fitted to three different oxygen species:

O1 (529.6 eV), O2 (531.4 eV) and O3 (532.5 eV) are assigned to the

lattice oxygen in Co−O, surface chemisorbed oxygen, and unavoid-

able surface water molecules, respectively [35]. As observed, the

relative intensity of O1 decreases and the intensity of O2 is sig-

nificantly enhanced after the nitrogen doping, indicating that the

N dopants can lead to the formation of surface oxygen vacancies.

The formation of oxygen vacancies will induce the reduction of Co

valence state (lower Co3+/Co2+ ratio in Co3O4), which can interme-

diate the easier construction of CoOOH active sites when applying

a positive potential [36,37]. With increasing the ammonia treat-

ment temperature, the O2/O1 ratio increases gradually (Fig. S7 in

Supporting information), and noticeably the signal strength of the

Co-N bond also gradually increased (Fig. S8 in Supporting informa-

tion), indicating that more N atoms are successfully doped into the

lattice of Co3O4.

As reported, OER competes with the electrocatalytic oxidation

of HMF to FDCA under alkaline condition. OER and HMF oxidation

electrocatalytic capability of the prepared N-Co3O4/NF samples was

evaluated in 1.0 mol/L KOH solution. As shown in Fig. 3a, the lin-

ear sweep voltammetry (LSV) curve of N-Co3O4/NF-2 in 1.0 mol/L

KOH solution shows an onset potential of about 1.51 V vs. RHE to

drive OER. Meanwhile, after adding 50 mmol/L HMF into 1.0 mol/L

KOH solution, N-Co3O4/NF-2 only requires an onset potential of

about 1.26 V vs. RHE to drive an oxidation reaction, which implies

386



M. Sun, Y. Wang, C. Sun et al. Chinese Chemical Letters 33 (2022) 385–389

Fig. 2. (a) XPS survey spectra of Co3O4/NF and N-Co3O4/NF-2. XPS spectra of (b) N 1s and (c) Co 2p regions. XPS spectra of Co3O4/NF and N-Co3O4/NF-2 in the (d) O 1s

region.

Fig. 3. (a) LSV curves of N-Co3O4/NF-2 in 1.0 mol/L KOH with or without 50 mmol/L HMF. (b) LSV curves of Co3O4/NF and N-Co3O4/NF samples in 1.0 mol/L KOH with 50

mmol/L HMF. (c) Current density of Co3O4/NF and N-Co3O4/NF samples 1.4 V vs. RHE in 1.0 mol/L KOH with 50 mmol/L HMF. (d) Nyquist plots of Co3O4/NF and N-Co3O4/NF-2

in 1.0 mol/L KOH.

that N-Co3O4/NF-2 is able to preferably catalyze the oxidation of

HMF at lower potentials. As shown in Fig. S9 (Supporting infor-

mation), the onset potential of NF toward HMF oxidation is about

1.53 V, which is about 270 mV higher than that of N-Co3O4/NF-

2. This phenomenon shows that the high catalytic performance of

N-Co3O4/NF-2 on oxidizing HMF mainly comes from N-Co3O4. All

the N-Co3O4/NF samples show better HMF oxidation catalytic ac-

tivities than pristine Co3O4 (Fig. 3b), revealing that nitrogen dop-

ing effectively improves the HMF oxidation performance of Co3O4.

Furthermore, compared with other N-Co3O4/NF samples, it is evi-

dent that N-Co3O4/NF-2 possesses the lowest onset potential and

the most significant current signal toward the oxidation of HMF

(Figs. 3b and c). When the anodic potential is set at 1.4 V vs. RHE,

the current density for N-Co3O4/NF-2 is 55 mA/cm2, which is ob-

viously larger than Co3O4/NF (18 mA/cm2) and other N-Co3O4/NF

samples.

It has been demonstrated that the doping of nitrogen into the

lattice of Co3O4 can lead to the formation of many surface oxy-

gen vacancies and the optimization of the electronic structure of

Co [33]. Especially, the existence of oxygen vacancy will intermedi-

ate the easier reconstruction of Co-OOH active sites in N-Co3O4/NF

and improve the electrical conductivity of Co3O4 [36], which ef-

fectively accelerates the HMF oxidation. Moreover, electrochemical

impedance spectroscopy (EIS) data show that N-Co3O4/NF-2 elec-

trode possesses a much smaller charge transfer resistance (17 �)

than that of Co3O4/NF (50 �) (Fig. 3d), indicating that the nitro-

gen doping endows Co3O4 with a more desirable electron trans-

fer kinetics. In addition, the double-layer capacitance (Cdl) was cal-

culated. As shown in Figs. S10a–f (Supporting information), the

Cdl value of N-Co3O4/NF-2 is 73.7 mF/cm2, which is larger than

those of Co3O4/NF (12.9 mF/cm2), N-Co3O4/NF-1 (14.3 mF/cm2),

N-Co3O4/NF-3 (17.1 mF/cm2) andN-Co3O4/NF-3 (61.4 mF/cm2), in-

dicating that N-Co3O4/NF-2 also has much more active sites than

other samples. The above-mentioned changes brought about by N

doping to Co3O4 realize the improvement of its electro-catalytic

performance toward HMF oxidation.

As shown in Fig. 4a, the oxidation of HMF firstly forms

5-hydroxymethyl-2-furancarboxylic acid (HMFCA) or 2,5-

diformylfuran (DFF). Subsequently, HMFCA and DFF are oxidized

consecutively to convert to 5-formyl-2-furancarboxylic acid (FFCA)

and finally to FDCA [8,38–40]. To qualitatively and quantitatively

investigate the catalytic performance of N-Co3O4/NF-2 toward

the oxidation of HMF, a 5 h electrolysis of HMF oxidation was

performed with a N-Co3O4/NF-2 electrode in 1.0 mol/L KOH con-

taining 10 mmol/L HMF at 1.423 V vs. RHE, and the products were

then tested by high performance liquid chromatography (HPLC).

Fig. S11 (Supporting information) show the standard curves of

HMF and FDCA obtained on the basis of the relationship between

retention time and response peak area with an ultraviolet detector.

To monitor the HMF oxidation process, the electrolyte samples

were collected periodically and then analyzed by HPLC [38,39].

With increasing the electrolysis time, the concentration of HMF

decreased obviously, and the concentration of FDCA increased

significantly (Fig. S12 in Supporting information). The electrolyte

containing HMF changes from yellow to colorless after potentio-

static electrolysis (Fig. S13 in Supporting information), indicating

the conversion of HMF. Fig. 4b shows the curve between HMF

and product concentration changes with the increasing amount

of charge. At the end of electrolysis, a HMF conversion rate of

99.5%, a FDCA yield of 96.4% and a Faradaic efficiency of 97.3% are

obtained with the aid of N-Co3O4/NF-2, and the electro-catalytic

performance is very comparable with the recently reported

electro-catalysts (Table S1 in Supporting information), suggesting

that N-Co3O4/NF-2 is a highly active and selective electro-catalyst

for the oxidation of HMF to FDCA. It is worth mentioning that

HMFCA appeared as the major intermediate and DFF was almost

not detected during the total reaction period, indicating the more

favorable oxidation of the aldehyde group of HMF in our system.

To assess the electrochemical durability of N-Co3O4/NF-2, four

successive HMF electrolysis cycles were conducted at 1.423 V

vs. RHE, and the HMF conversion rate, FDCA yield and Faradaic

efficiency remains almost unchanged, indicating an excellent

durability (Fig. 4c).
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Fig. 4. (a) Two possible pathways for HMF oxidation to FDCA. (b) Conversion rate and products yield of HMF oxidation with a N-Co3O4/NF-2 electrode in 1.0 mol/L KOH

containing 10 mmol/L HMF at an applied potential of 1.423 V vs. RHE. (c) HMF conversion rate, FDCA yield and Faradaic efficiency (FE) for four cyclic tests.

Fig. 5. (a) SEM and (b) HRTEM images of N-Co3O4/NF-2 after four successive HMF electrolysis. XPS spectra of N-Co3O4/NF-2 in the (c) Co 2p and (d) O 1s regions.

The structural stability is also an important issue for electrocat-

alysts. SEM, TEM and HRTEM results conclude that N-Co3O4/NF-

2 still preserves its nanowire array morphology and crystalline

structure after the anodic electrolysis (Figs. 5a and b, Fig. S14

in Supporting information), affirming the superior stability of N-

Co3O4/NF-2 during HMF oxidation. XPS data show that, after

the long-term anodic electrolysis, the ratio of Co2+/Co3+ became

smaller, and the O1 band decreased meanwhile the O2 band in-

creased (Figs. 5c and d). These results imply the formation of the

active species CoOOH during electrolysis [3,41]. The XPS spectrum

in N 1s region shows that the intensity of Co-N bond decreases

but still remains (Fig. S15 in Supporting information), suggesting

the good stability of N-Co3O4/NF-2 during anodic electrolysis.

In summary, a controllable nitrogen doping strategy has been

demonstrated to significantly improve the catalytic activity of

Co3O4 nanowires toward the selective oxidation of HMF into FDCA.

Through a low temperature treatment in ammonia, N-Co3O4/NF

samples can be facilely prepared. N dopants can induce the for-

mation of oxygen vacancies and together modulate the electronic

structure of Co element and improve the conductivity of Co3O4.

The resulting defect-engineered N-Co3O4/NF-2 exhibits superior

HMF oxidation catalytic activity. A HMF conversion rate of 99.5%,

a FDCA yield of 96.4% and a Faradaic efficiency of 97.3% can be

obtained at a potential of 1.423 V vs. RHE. N-Co3O4/NF-2 also

presents superior catalytic durability and structural stability dur-

ing HMF oxidation. This work provides a way to develop high-

performance electro-catalysts toward HMF conversion through de-

fect engineering.
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