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A B S T R A C T   

While 2,2,6,6-tetramethylpiperidin-oxyl (TEMPO) accompanied with Cu is a promising oxidative catalytic pro-
cess for converting vanillic alcohol (VL), to vanillic aldehyde (VE), the Cu-based metal organic frameworks 
(MOFs), HKUST-1, appears as a useful heterogeneous catalyst for VL conversion. Nevertheless, since the typical 
HKUST-1 is micrometer-scaled, it would be more advantageous to make HKUST-1 into nanoscale to increase 
outer surfaces of HKUST-1. Thus, the goal of this study is to develop a useful approach to prepare nanoscale 
HKUST-1 which can still exhibit octahedral morphology. Specifically, nano-HKUST-1 is developed here via 
mediation by polyvinylpyrrolidone (PVP). These PVP-mediated nano-HKUST-1 not only retains the crystalline 
structure of HKUST-1 but also maintains the octahedral morphology of HKUST-1. Interestingly, the introduced 
PVP would not just alter the size of HKUST-1 but also deposit PVP molecules into these nano-HKUST-1, 
increasing hydrophilicity of nano-HKUST-1 to attract VL in solvents. Thus, nano-HKUST-1 could exhibit 
noticeably higher VL conversion efficiencies then the conventional HKUST-1 owing to the smaller size, and the 
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more hydrophilic surficial properties. Moreover, nano-HKUST-1 could also exhibit a high YVE = 91% with 
SVE = 100% at 120 ◦C for 120 min, outperforming many other reported values. Nano-HKUST-1 can be also 
reusable and exhibit stable YVE and 100% of SVE. These features all indicate that nano-HKUST-1 prapred by 
mediation of PVP is a more advantageous Cu-based catalyst for converting VL to VE, and the mediating effect of 
PVP revealed here also gives insights to further engieer MOFs materials for enhancing their applications.   

1. Introduction 

Oxidative conversion of vanillic alcohol (VL) represents an inter-
esting and promising process as it could be implemented under 
environmentally-friendly conditions to generate high-value-added 
products [1–3], such as vanillic aldehyde (VE), a valuable compound 
consumed broadly in perfumes, foods, cosmetics, and pharmaceuticals 
[4–7]. Nevertheless, the conversion of VL into VE would necessitate a 
particular oxidation of alcohol moiety of VL into an aldehyde moiety; 
therefore, it is very critical to establish highly-effective methods to 
selectively convert the alcohol moiety of VL into the aldehyde moiety. 

While conventional oxidation of VL can be executed by using H2O2, 
H2O2, extensive amounts of non-recyclable H2O2 would be demanded to 
achieve stoichiometric chemistry of oxidation [8,9]. More importantly, 
these H2O2-based processes usually lead to very low conversion 

efficiencies and selectivities of VL to VE [1,10]. Therefore, more effec-
tive, and selective oxidative processes are highly desired. As 2,2,6,6-Tet-
ramethylpiperidine 1-oxyl (TEMPO) co-catalyzed with copper (Cu), iron 
(Fe), and Laccase, has been unveiled as a recyclable oxidation process 
recently [11–14], Cu/TEMPO has been also validated to effectively 
oxidize VL to VE [12,15–18]. Moreover, a few heterogeneous-phase Cu 
catalysts have been also proposed to co-catalyze with TEMPO for 
oxidizing VL to resolve recovery issues of homogeneous Cu ions [12,18]. 
In particular, Cu-based metal organic frameworks (MOFs) (i.e., 
HKUST-1) have been demonstrated as a potential heterogeneous catalyst 
for oxidizing VL to VE [19–22]. HKUST-1 represents the most 
extensively-studied MOF, and HKUST-1 is also the most typical 
Cu-containing MOF. In addition, the synthesis of HKUST-1 is relatively 
simple and can be prepared under mild conditions [23]. 

While MOFs usually exhibit high surface areas owing to internal 

Fig. 1. (a) a preparation scheme of HKUST-1 with various sizes prepared with and without PVP; SEM images of HKUST-1 prepared with and without PVP: (b) 
HKUST-1 without PVP, (c) nano-HKUST-1 prepared with PVP = 5.8 K, (d) nano-HKUST-1 prepared with PVP = 360 K, and (e) nano-HKUST-1 prepared 
with PVP = 1.3 M. 
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spaces [24], MOFs in liquid-phase environments would be saturated 
with water or solvent molecules [25]. Moreover, sizes of reactants would 
be also larger than windows of MOFs, and constrain reactions only on 
outer surfaces of MOFs rather than internal spaces. MOFs with a smaller 
size with a well-defined shape shall exhibit more outer surfaces exposing 
to reactants. As the aforementioned HKUST-1 typically exhibits 
micrometer-scale [26–28], it would be certainly advantageous to make 
HKUST-1 smaller, especially into nanoscale dimensions. Even though 
there are several methods to prepare micro-scale HKUST-1[26,28,29], 
very few studies have ever reported preparation of nanoscale HKUST-1. 
Wang et al. proposed a coordination modulation method to modulate 
nucleation and crystal growth processes to afford nanoscale HKUST-1 
[30], whereas Li et al. demonstrated an ultrasound-assisted synthesis 
to result in a nanoscale HKUST-1 [31]. Nevertheless, the nanoscale 
HKUST-1 obtained by these two studies did not maintain the typical 
octahedral morphology of HKUST-1, leading to aggregation of HKUST-1 
particles [30,31]. 

Thus, the goal of this study is to develop a useful approach to prepare 
nanoscale HKUST-1 which can still exhibit octahedral morphology. 
Specifically, as polyvinylpyrrolidone (PVP) is a stable polymer, and 
widely used as a capping agent for preparing nanostructures [32,33], 
PVP shall be a promising additive to enable the formation of nanoscale 
octahedral HKUST-1. However, almost no studies have been ever re-
ported to employ PVP as an additive to mediate the formation of 
HKSUT-1 for controlling sizes of HKUST-1. Therefore, this study would 
be the first study for investigating the synthesis of nano-HKUST-1 via 
mediation by PVP. As no studies have been also reported for employing 
PVP-mediated nano-HKUST-1 for converting VL to VE in the presence of 
TEMPO, this present study would provide valuable information and 
insight for optimizing HKUST-1 as a heterogeneous catalyst for con-
version of VL to VE. 

2. Experimental 

2.1. Preparation of HKUST-1 

All chemicals used in this study were purchased from Sigma-Aldrich 
(USA), and employed directly without further purification. The con-
ventional HKUST-1 (i.e., micrometer-scaled HKUST-1) was synthesized 
according to the reported procedure [34,35]. HKUST-1 prepared with 
and without PVP can be illustrated schematically in Fig. 1(a). The pro-
tocol for preparing nano-HKUST-1 was similar to that for the conven-
tional HKUST-1 except that PVP at an equivalent weight of H3BTC was 
additionally introduced to mixtures of Cu2+ and Benzene-1,3, 
5-tricarboxylic acid (H3BTC) during the preparation of HKUST-1. For 
investigating the influence of PVP on the formation of nano-HKUST-1, 
MW of PVP was varied from 5800 Da (5.8 K) to 360,000 Da (360 K), 
and then 1300,000 Da (1.3 M), to afford various nano-HKUST-1 denoted 
as nano-HKUST-1(5.8 K), nano-HKUST-1(360 K), and nano-HKUST-1 

(1.3 M), respectively. 

2.2. Characterization of HKUST-1 

Morphologies of HKUST-1 and nano-HKUST-1were determined by 
FE-SEM (JEOL JSM-7800F, Japan). Their XRD patterns were charac-
terized through an X-ray diffractometer (Bruker, USA), and textural 
properties were measured using a volumetric gas adsorption analyzer 
(ANTON PAAR NOVATOUCH LX2, Austria). Their FTIR spectra were 
obtained through using an FTIR spectrometer (Perkin Elmer Spectrum 
Two, USA). Particle sizes of HKUST-1 and nano-HKUST-1 in solvents 
were quantified by dynamic light scattering (DLS) zetasizer (Malvern, 
UK). 

2.3. Conversion of VL to VE using HKUST-1 

Catalytic oxidation of VL was conducted in a 100 mL of Teflon-lined 
reactor based on previous reported protocols [8,19,28,36,37]. First, 
150 mg of VL and 20 mL of isopropanol were introduced to the 
Teflon-lined reactor. Subsequently, 100 mg of the as-prepared HKUST-1 
and 100 mg TEMPO were added to the VL solution. Then, the resulting 
mixture was heated in either a conventional oven (Memmert ULE 400, 
Germany) or a microwave system (Milestone Ethos UP, Italy). After 
pre-set reaction times, sample aliquots were withdrawn from the reactor 
and filtrated by syringe membrane disks (0.22 µm, PVDF). The filtrates 
were analyzed for determining concentrations of reactants and products 
by a HPLC (Kanuer Azura, Germany) with a UV-Vis detector. The mobile 
phase was comprised of DI water (79%), acetonitrile (20%) and acetic 
acid (1%) at a flowrate of 1.0 mL/min. 

Conversion efficiency of VL to VE (or other products) was quantified 
as follows [4,34]:  

Conversion of VL (CVL)=Consumed VL/Total VL (100%)                     (1)  

Selectivity for VE (SVE)=VE/Consumed VL(100%)                              (2)  

Yield (YVE)=VE/Total VL (100%)                                                     (3)  

3. Results and discussion 

3.1. Characterization of HKUST-1 

To elucidate the PVP-mediating effect on the morphology of HKUST- 
1, SEM images of the conventional HKUST-1 and nano-HKUST-1 were 
firstly determined. Fig. 1(b) presents the conventional HKUST-1 without 
any addition of PVP, and it exhibited a typical octahedral shape with 
micrometer-scaled sizes, which were in a good agreement with the re-
ported sizes in the previous studies [38–40]. After introducing 
PVP = 5.8 K during synthesis of HKUST-1, the resulting HKUST-1 

Fig. 2. Particle sizes of HKUST-1, and nano-HKUST-1 determined based on (a) SEM images, and (b) DLS measurements.  
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(Fig. 1(c)) could also exhibit the octahedral shape; however, its size had 
been significantly decreased to be ca. 450–500 nm. When PVP with 
higher MWs of 360 K and 1.3 M were then introduced, the resultant 
HKUST-1 particles can still exhibit the octahedral morphologies but 
their sizes further became even smaller. 

To further quantify sizes of these HKUST-1 particles with and 
without the addition of PVP, SEM images of these HKUST-1 particles 
were analyzed by determining edge lengths of HKUST-1 octahedrons, 
and the corresponding size distributions are then displayed in Fig. 2(a). 
As the conventional HKUST-1 exhibited a micrometer-scaled size 
ranging from 1.8 to 3.9 µm with an average of 2.9 µm, those HKUST-1 
prepared with PVP exhibited considerably smaller sizes which fell into 
the nanoscale range, forming nano-HKUST-1. In particular, the nano- 
HKUST-1 prepared with PVP = 5.8 K showed sizes ranging from 300 
to 560 nm with an average size of 480 nm, whereas the nano-HKUST-1 
prepared with PVP = 360 K exhibited sizes ranging from 160 nm to 
470 nm with an average size of 310 nm. Once MW of PVP further 
increased to 1.3 M, its corresponding size ranged from 50 to 390 nm 
with an average of 170 nm. The size distributions of the conventional 
HKUST-1 and nano-HKUST-1 further validated that the introduction of 
PVP into HKUST-1 would considerably reduce the particle size of 
HKUST-1, and, more interestingly, a higher MW of PVP would lead to 
the much smaller size. 

Since the aforementioned size distributions of HKUST-1 and nano- 
HKUST-1 were determined by images of HKUST-1, it would be inter-
esting to further elucidate sizes of HKUST-1 in liquid phase as VL 
oxidation reaction is conducted in solvents. Thus, the particle sizes of 
HKUST-1 were further identified by DLS, and displayed in Fig. 2(b), in 
which the conventional HKUST-1 still exhibited the micrometer-scaled 
size with an average size of 2800 nm. Interestingly, the sizes deter-
mined by SEM images were comparable to the sizes obtained by DLS. 
Those HKUST-1 prepared in the presence of PVP also exhibited nano-
scale sizes and, more importantly, the size of nano-HKUST-1 was also 
reverse to MW of PVP as a higher MW of PVP led to a much smaller 
particle size of HKUST-1, validating that the size of HKUST-1 would be 
manipulated by the addition of PVP with various MWs. As PVP was 
employed as a capping agent which would prevent aggregation of par-
ticles by the steric effect, a higher MW of would lead to a stronger steric 
effect, rendering the resulting particles smaller [41]. Previous studies 

have also revealed that when the viscosity of the precursor solution 
increased, a higher MW of PVP would also cause the precursor solution 
to be more viscous, making the resulting particle smaller [42]. 

While these nano-HKUST-1 could exhibited the typical octahedral 
morphology of HKUST-1, suggesting the successful formation of HKUST- 
1, it would be necessary to further identify crystalline structures of these 
nano-HKUST-1 in Fig. 3. Although various MWs of PVP were introduced 
to the syntheses of HKUST-1, H3BTC was still well coordinated with Cu 
in each case, and all nano-HKUST-1 exhibited identical XRD patterns to 
that of the typical HKUST-1 [38,39], confirming that the addition of PVP 
would not destroy coordination between Cu2+ and H3BTC to form 
HKUST-1. 

On the other hand, even though the XRD patterns of nano-HKUST-1 
were identical to that of the conventional one, surficial chemistry of 
these nano-HKUST-1 was then analyzed by IR, and the IR spectra of the 
pristine PVP with various MWs were also measured and displayed in  
Fig. 4(a). Specifically, the board peak located at 2926 and 3434 cm− 1, 
which can be indexed to stretching vibration of -CH2 and -OH. The peaks 
at 1018 and 1285 cm− 1 were assigned to C-N stretching vibration, and 
the peak at 1660 cm− 1 was attributed to C––O stretching vibration. 
Fig. 4(b) further reveals IR spectra of nano-HKUST-1 prepared with PVP, 
and the signature peaks of HKUST-1 can be all detected at 1375 cm–1 

corresponding to C–O, and 1450 cm–1 to C––O owing to the existence of 
BTC [43,44]. In addition, several noticeable peaks can be also detected 
at 1018, 1285, 2926, and 3434 cm–1, suggesting that PVP was present on 
surfaces of these nano-HKUST-1, and PVP in fact would interact with 
Cu2+ during the synthesis of HKUST-1. More importantly, the original 
peak at 1660 cm–1 ascribed to the C––O stretching vibration would 

Fig. 3. XRD patterns of HKUST-1, and nano-HKUST-1.  

Fig. 4. FTIR spectra of (a) pristine PVP with various MWs, (b) HKUST-1 pre-
pared with and without PVP, and (c) regional spectra of HKUST-1 prepared 
with and without PVP. 
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notably shift toward lower wavenumbers as depicted in Fig. 4(c). 
This was because the free carbonyl group (C––O) in the pyrrolidone 

ring of PVP would coordinated with Cu2+ via a weak chemical coordi-
nation [45]. As a result, the absorption peak would slightly shift toward 
lower wavenumbers [46,47]. More interestingly, it can be deduced in 
Fig. 4(c) that the order of the coordination interaction between Cu2+ and 

PVP with various MWs occur as follows: PVP = 1.3 M > PVP= 360k 
> PVP= 58k. On the other hand, the peak located at 1018 and 
1285 cm− 1 did not shift, indicating that the coordination of Cu2+ with O 
atom was much stronger than N atom, leading to a stronger steric in-
fluence and causing unable status to aggregate together during synthesis 
of HKUST-1 [48,49]. 

These features validate that PVP was deposited into these nano- 
HKUST-1 particles. As PVP is a hydrophilic polymer [50,51], and the 
solvent employed here for VL conversion was IPA, the existence of PVP 
on nano-HKUST-1 would facilitate dispersion of these PVP-deposited 
nano-HKUST-1 in IPA for improving VL oxidative reactions. 

Furthermore, since the particle size of nano-HKUST-1 was signifi-
cantly altered by the addition of PVP, the textural properties of these 
nano-HKUST-1 were then further analyzed. Fig. 5 presents N2 sorption 
isotherms of the conventional HKUST-1 and the nano-HKUST-1. Essen-
tially, these N2 isotherms exhibited a similar pattern, and thus could be 
classified as the IUPAC type I isotherm. The specific surface area for the 
conventional HKUST-1 was 931.8 m2/g, while the specific surface area 
of nano-HKUST-1 prepared by PVP = 5.8 K, 360 K and 1.3 M was 
decreased to 637.6, 568.5 and 640.0 m2/g, respectively. 

The existence of PVP seemed to reduce the specific surface area of 
nano-HKUST-1, while the size of nano-HKUST-1 was actually smaller. 
This reduction of specific surface area might be related to the deposition 
of PVP on nano-HKUST-1 surface and even encapsulated within pores of 
HKUST-1, restraining N2 adsorption, and leading to the lower surface 
area. Previous studies have also indicated that smaller MOFs might 

Fig. 5. N2 sorption amount isotherms of HKUST-1 prepared with and 
without PVP. 

Fig. 6. (a) Conversion of VL to VE using HKUST-1 prepared with and without PVP under microwave irradiation and oven-heating (T = 120 ◦C, t = 120 min), (b) VL 
adsorption to HKUST-1 prepared with and without PVP at 25 ◦C; (c) a scheme for catalytic conversion of VL to VE using nano-HKUST-1 under microwave irradiation. 
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possess relatively low internal surfaces, leading to smaller surface areas 
[52]. Nevertheless, as the size of nano-HKUST-1 became smaller, its 
specific surface area would be also become higher. Thus, when these two 
factors took effects simultaneously, the specific surface area of 
nano-HKUST-1 firstly became smaller, and then raised up slightly at 
increasing MW of PVP. 

3.2. Conversion of VL to VE using nano-HKUST-1 

Fig. 6(a) shows yields of VE converted from VL by the conventional 
HKUST-1 and nano-HKUST-1. Since conversion of VL to VE is a thermo- 
chemical reaction, two heating methods were employed and compared: 
the oven-heating and microwave irradiation. In the case of oven- 
heating, when the conventional HKUST-1 (i.e., “NO” in Fig. 6(a)) was 
employed by oven-heating, a yield of VE (YVE) of 62.3% (i.e., CVL =

62.3%, and SVE = 100%) can be obtained, demonstrating that the con-
ventional HKUST-1 could incorporate with TEMPO to oxidize VL to VE 
selectively. Subsequently, when nano-HKUST-1(5.8 K) was employed, 
YVE was noticeably increased from 62.3% to 68.3%. In the cases of nano- 
HKUST-1(360 K) and nano-HKUST-1(1.3 M), their corresponding YVE 
could be noticeably increased to 70.1%, and 78%, respectively, 
demonstrating that nano-HKUST-1 seemed to exhibit higher catalytic 
activities than the conventional HKUST-1 for oxidation of VL to VE. 
Especially, when a higher MW of PVP was employed for preparing nano- 
HKUST-1, a higher YVE can be obtained. 

On the other hand, when microwave irradiation was employed to 
replace oven-heating, the corresponding YVE obtained by the conven-
tional HKUST-1 was 80.6% (i.e., CVL = 80.6%, and SVE = 100%), 
showing that microwave irradiation could significantly improve VL 
conversion to VE. Moreover, when nano-HKUST-1(5.8 K) was 
employed, YVE could be increased from 80.6% to 83.8%. In the cases of 
nano-HKUST-1(360 K) and nano-HKUST-1(1.3 M), their corresponding 
YVE under microwave irradiation could be also considerably increased to 
85% and 91%, respectively. 

These comparisons further demonstrated that the heating method 
was a critical factor for oxidation of VL to VE, and microwave irradiation 
appeared as a much more effective method than oven-heating for con-
version of VL to VE because microwave irradiation could provide a more 
efficient heating process for rapid and intense heat from the interior of 
catalyst [53,54]. Additionally, metal-oxide moiety could absorb heat 
more rapidly under microwave irradiation to enhance reactions between 
HKUST-1, and VL [55]. The ligand of HKUST-1 (i.e., BTC) might also 
absorb microwave irradiation and promote catalytic activities of Cu–O 
groups [20]. 

Since HKUST-1 and nano-HKUST-1 comprised of Cu-O cluster, this 

Cu-O cluster has been validated to play an important role in VL oxida-
tion. Thus, XPS analyses of Cu2p of nano-HKUST-1(1.3 M) before and 
after VL oxidation were conducted. Fig. 7(a) exhibits two significant 
peaks at 933.3 and 953.1 eV, corresponding to Cu2+ of Cu2p3/2 and 
Cu2p1/2, respectively [56]. After VL oxidation, the Cu2p XPS spectrum 
of the used nano-HKUST-1 (Fig. 7(b)) showed a slightly different spec-
trum in which not only Cu2+ at 934.6 and 954.3 eV but also Cu+ species 
at 932.4 and 952.2 eV [57]. This suggests that the Cu-O cluster of 
nano-HKUST-1 indeed participated in VL oxidation, and the redox re-
action between Cu2+ and Cu+ led to the formation of a reactive inter-
mediate of VL [12,16,18,19,21,22] as illustrated in Fig. S1. 
Subsequently, TEMPO would then react with the intermediate of VL to 
withdraw a proton, producing TEMPOH and the product, VE [58,59]. 
The resultant TEMPOH was then converted back to TEMPO upon 
exposure to O2 [30,40]. Through the cyclic process of TEMPO, VL could 
be continuously oxidized to VE selectively as illustrated in Fig. 6(c) [60]. 

More importantly, these results also validate that nano-HKUST-1 
certainly possessed higher catalytic activities than the conventional 
HKUST-1 for oxidation of VL to VE, and a higher MW of PVP involved in 
nano-HKUST-1 would lead to a much higher YVE. Such a feature might 
be attributed to a number of possibilities. Firstly, even though the spe-
cific surface areas of these nano-HKUST-1 measured by N2 sorption 
isotherms did not change significantly with MW of PVP, outer surfaces of 
octahedral nano-HKUST-1 would be definitely different because of 
various sizes. A smaller octahedral particle would certainly afford a 
much higher outer surface area which allows more reactive surfaces. 
Especially, when nano-HKUST-1 was immersed in liquids, liquid mole-
cules would fill into the pores of nano-HKUST-1 [25], and then the outer 
surface would become critical for reactions. Therefore, the smaller 
nano-HKUST-1 obtained by higher MW of PVP would lead to a much 
higher conversion efficiency of VL to VE. 

Secondly, as PVP in fact would be deposited into nano-HKUST-1, the 
hydrophilic PVP might increase affinity of VL towards to HKUST-1 for 
facilitating reactions between VL and nano-HKUST-1. To further probe 
into the affinity between VL and HKUST-1 or nano-HKUST-1, adsorption 
of VL to HKUST-1 and nano-HKUST-1 was investigated especially at 
ambient temperature to avoid thermo-chemical conversion of VL in 
Fig. 6(b). In the case of the conventional HKUST-1, 6.5% of the added VL 
had been adsorbed onto HKUST-1 at 30 min; the adsorption increased to 
14.5% at 60 min, and then 15% afterwards. Interestingly, in the case of 
nano-HKUST-1(5.8 K), VL could be also adsorbed to it, exhibiting an 
adsorption of 25.0% at 30 min; subsequently, the adsorption also 
gradually increased to 29.5% at 120 min. Similar trends can be also 
observed in the cases of nano-HKUST-1(360 K), and nano-HKUST-1 
(1.3 M). These results validate that the affinity of VL towards nano- 

Fig. 7. XPS spectra of (a) the pristine nano-HKUST-1(1.3 M) and (b) the used nano-HKUST-1(1.3 M).  
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HKUST-1 was much stronger than that towards the conventional 
HKUST-1. More importantly, the adsorption to nano-HKUST-1 had been 
almost four times more than that to the conventional HKUST-1, indi-
cating that the presence of PVP would certainly facilitate the interaction 
between VL and nano-HKUST-1 to enhance the VL oxidative reaction. 

Therefore, these results successfully demonstrate that synthesis of 
HKUST-1 would be mediated by the addition of PVP to afford much 
smaller HKUST-1 particles and also enable the surficial properties of 
HKUST-1 more favorable for reacting with VL. 

3.3. Effects of time and temperature on VL oxidation 

As nano-HKUST-1 had been validated to achieve a much higher 
conversion efficiency of VL to VE by mediated with PVP especially under 
microwave irradiation, it would be essential to further investigate ef-
fects of time and temperature of such a thermos-chemical reaction of VL 
oxidation. Fig. 8(a) displays the effect of reaction temperature on VL 
conversion to VE using various HKUST-1. In the case of the conventional 
HKUST-1 (i.e., “NO” PVP), when a much lower temperature of 60 ◦C was 
employed, VL could be still converted to VE with YVE = 30.5% (CVL =

30.5%, SVE = 100% as listed in Table S1). At increasing temperatures 
from 60◦ to 130◦C, YVE considerably increased from 30.5% to 81% while 
SVE remained 100% throughout the tested range of temperatures. 

On the other hand, when nano-HKUST-1(5.8 K) was employed at 
60 ◦C, the corresponding YVE was 34.5%, which also significantly 
increased along with the elevated temperatures to 89% at 130 ◦C. 
Similar results can be observed in the cases of nano-HKUST-1(360 K), 
and nano-HKUST-1(1.3 M) as YVE was 35.2% and 41.8% at 60 ◦C, 
increasing to 89.5% and 91.1% at 130 ◦C, respectively. These results 
further validated that a relatively low temperature such as 60 ◦C would 
still allow nano-HKUST-1 to exhibit higher VL conversion efficiencies 
than the conventional HKUST-1, and a higher temperature would enable 
a higher YVE while maintaining SVE of 100%. 

On the other hand, the effect of reaction time on VL conversion had 
been also investigated to vary the reaction duration from 15 to 120 min 
in Fig. 8(b). When the reaction duration was short as 15 min at 120 ◦C, 
VL could be still converted to afford YVE = 33.9% by the conventional 
HKSUT-1. Once the reaction duration was increased from 15 to 30, 60, 
90, and 120 min, the corresponding YVE was considerably raised up from 
33.9 to 50.3, 60.1, 75.1, and then 80.6%, respectively, showing that the 
longer reaction duration would certainly enhance VL conversion to VE. 
In the case of nano-HKUST-1(5.8 K), a slightly higher YVE (40.6%) than 
the conventional HKUST-1 could be achieved after a duration of 15 min, 
and then considerably increased from 40.6% to 47.6%, 65.6%, 79.6%, 
and 83.8% after 30, 60, 90, and 120 min, respectively. Similar results 
can be obtained by nano-HKUST-1(360 K), and nano-HKUST-1(1.3 M) 

as YVE could be increased from 41.1%, and 47.6% at 15 min, to 85.0%, 
and 91.0% at 120 min, respectively. These results validated that a longer 
reaction duration would certainly benefit VL conversion as VL conver-
sion would considerably increase. More importantly, there was no VC 
detected and SVE maintained 100% even after a longer duration, sug-
gesting that no over-oxidation of VE occurred by this nano-HKUST-1/ 
TEMPO system. On the other hand, these results also confirm that 
nano-HKUST-1 prepared by a higher MW of PVP would certainly lead to 
a higher YVE, validating the advantagous mediating effect of PVP with 
higher MWs. 

To further compare VL conversion efficiency by this nano-HKUST-1/ 
TEMPO system with literatures, Table 1 lists VL conversion efficiencies 
of this study, and other reported values. One can notice that nano- 
HKUST-1/TEMPO outperformed than many reported conversion effi-
ciencies by other catalytic oxidation processes as listed in Table 1, 
including many noble-metal-involved processes. This comparison 
clearly validates that nano-HKUST-1 is a promising heterogeneous 
catalyst for oxidizing VL into VE. 

Fig. 8. Effects of (a) temperatures and (b) reaction time on conversion of VL to VE by HKUST-1, and nano-HKUST-1.  

Table 1 
VL to VE catalyzed by using various oxidation techniques.  

Catalyst Oxidant Temp. 
(◦C) 

VL 
Con. 
(%) 

VE 
Sel. 
(%) 

VE 
Yield 
(%) 

Ref. 

Nano- 
HKUST-1 
(1.3 M) 

air 120 91 100 91 This 
study 

CuO/ 
MgAl2O4 

H2O2 90 67 74  [61] 

CuO/ 
MgFe2O4 

53 46  

MnFe O2 100 21 79 21 [62] 
FeFe 70 91 31 
CoFe 70 84 5 
NiFe 76 11 5 
CuFe 86 35 5 
ZnFe 46 19 15 
Au-Pd air 30 52.8 49.6 26.2 [63] 
N-RGO/ 

Mn3O4 

air 120 26.4 19.2 5.1 [64] 

nCo-MO air 120 7.0 5.7 0.4 [65] 
Co3O4 air 120 47.9 60.6 29 [66] 
MnCl2 H2O2 75 38 19 7.2 [1] 

H2O2 75 28 5 1.4 
H2O2 80 89.6 49.4 44.3 

CrCl3 H2O2 80 94.2 60.6 57.1 
CoCl2 H2O2 80 48.1 33.9 16.3  
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3.4. Recyclable of nano-HKUST-1 

As nano-HKUST-1 was proposed as a heterogeneous catalyst for 
converting VL to VE, its recyclability was crucial and thus tested. Fig. 9 
(a) shows a series of VL conversion efficiencies at 120 ◦C for 120 min by 
reusing nano-HKUST-1(1.3 M) for 5 cycles without any regeneration 
treatments. VL could be consistently oxidized and converted to VE 
without noticeable variation in YVE, and SVE. This demonstrates that 
nano-HKUST-1 could be reusable to exhibit a stable catalytic activity 
towards oxidation of VL to VE. Fig. 9(b) also displays a SEM image of 
used nano-HKUST-1 which still exhibited a well-defined octahedral 
morphology, and the corresponding XRD pattern could be also well- 
indexed to the pristine HKUST-1, validating that nano-HKUST-1 was a 
certainly reusable, and durable catalyst. 

4. Conclusion 

In this study, the conventional micrometer-scaled HKUST-1 was 
particularly fabricated into nanoscale HKUST-1 by introducing PVP as a 
capping agent. These nano-HKUST-1 not only retained the crystalline 
structure of HKUST-1 but also maintained the classic octahedral 
morphology of HKUST-1 for the first time in literature. More impor-
tantly, the size of nano-HKUST-1 can be further mediated and manipu-
lated by chaning MW of PVP. In particular, when the conventional 
HKUST-1 prepared without PVP exhibited an average size of 2800 nm, 
introduction of PVP= 5.8 K into HKUST-1 synthesis would decrease the 
size to 480 nm, whereas usage of PVPMW=360 K and PVPMW=1.3 M 
would afford nano-HKUST-1 with 310 nm, and 170 nm, respectively. 
Interestingly, the introduced PVP would not just alter the size of HKUST- 
1 through the capping effect but also deposit PVP molecules into these 
nano-HKUST-1, increasing hydrophilicity of nano-HKUST-1 to attract 
VL in solvents. Thus, nano-HKUST-1 could exhibit noticeably higher VL 
conversion efficiencies then the conventional HKUST-1 owing to the 
smaller size of nano-HKUKST-1 for providing more reactive outer sur-
face, and the more hydrophilic surficial properties of nano-HKUST-1 for 
increasing stronger affinity towards reactants. In addition, nano-HKUST- 
1 can be also employed for VL conversion to VE with 100% of selectivity 
even at a very short reaction time of 15 min and a very low temperature 

of 60 ◦C. Moreover, nano-HKUST-1 could also exhibit a high YVE=91% 
with SVE=100% at 120 ◦C for 120 min, and such a VL conversion effi-
ciency already outperformed many other reported values even by noble- 
metal-catalysts. Nano-HKUST-1 can be also reusable and exhibit stable 
YVE and 100% of SVE. These features all indicate that nano-HKUST-1 
prapred by mediation of PVP is certainly a more advantageous hetero-
geneous Cu-based catalyst for converting VL to VE, and the mediating 
effect of PVP revealed here also gives insights to further engieer other 
MOFs materials for enhancing their applications. 
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M. Sánchez-Sánchez, I.A. Ibarra, Greener synthesis of Cu-MOF-74 and its catalytic 
use for the generation of vanillin, Dalton Trans. 47 (2018) 4639–4645. 

[8] K.-Y.A. Lin, H.-K. Lai, Z.-Y. Chen, Selective generation of vanillin from catalytic 
oxidation of a lignin model compound using ZIF-derived carbon-supported cobalt 
nanocomposite, J. Taiwan Inst. Chem. Eng. 78 (2017) 337–343. 

[9] H.-K. Lai, Y.-Z. Chou, M.-H. Lee, K.-Y.A. Lin, Coordination polymer-derived cobalt 
nanoparticle-embedded carbon nanocomposite as a magnetic multi-functional 
catalyst for energy generation and biomass conversion, Chem. Eng. J. 332 (2018) 
717–726. 

[10] K.-Y.A. Lin, H.-K. Lai, Z.-Y. Chen, Selective generation of vanillin from catalytic 
oxidation of a lignin model compound using ZIF-derived carbon-supported cobalt 
nanocomposite, J. Taiwan Inst. Chem. Eng. 78 (2017) 337–343. 

[11] N.J. Hill, J.M. Hoover, S.S. Stahl, Aerobic alcohol oxidation using a copper(I)/ 
TEMPO catalyst system: a green, catalytic oxidation reaction for the undergraduate 
organic chemistry laboratory, J. Chem. Educ. 90 (2013) 102–105. 

[12] J.M. Hoover, B.L. Ryland, S.S. Stahl, Mechanism of copper(I)/TEMPO-catalyzed 
aerobic alcohol oxidation, J. Am. Chem. Soc. 135 (2013) 2357–2367. 
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