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Abstract 16 

Chitin nanocrystals (ChNCs) were prepared by partial cleavage of glycosidic bonds in 17 

chitin with concurrent oxidation of chitin C6 primary alcohols to produce carboxylate 18 

groups on the surface of the ChNCs. Following alkaline deacetylation of the ChNCs in the 19 

presence of NaBH4 to inhibit “end-peeling” afforded chitosan nanocrystals (ChsNCs) with 20 

a degree of deacetylation (DDA) >80%. Transmission electron microscopy (TEM), X-ray 21 

diffraction (XRD) and Fourier-transform Infrared (FTIR) spectroscopy were used to 22 

determine the morphology and composition of these carboxylated ChNCs and ChsNCs. 23 

Subsequently, two methods were used to deposit Au onto the nanocrystals, and the 24 

catalytic activities of the resulting biomass-based nanocatalysts were tested for the 4-25 

nitrophenol reduction and the aldehyde-amine-alkyne (A3) coupling reaction. In particular, 26 

Au nanoparticles over ChsNCs featured the highest turnover frequency value for the 4-27 

nitrophenol reduction reported to date. Spectroscopic and imaging techniques confirmed 28 

the importance of controlling precisely the redox state of Au as it is being deposited to 29 

afford highly disperse active site on the bio-nano-support.  30 
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Introduction 31 

Research into bio-based nanomaterials has seen major advancements in the past decade 32 

for a multitude of disciplines ranging from energy, electronics, medicine, sustainable 33 

packaging, environmental remediation, and coatings.1-3 This effort was pioneered by 34 

research on cellulose nanocrystals (CNCs), a material readily accessible via cellulose 35 

acid hydrolysis. CNCs are non-toxic materials with large surface area, high mechanical 36 

strength, and tunable colloidal and self assembly behaviour in aqueous media,  making 37 

them suitable for a number of downstream applications in nanomedicinal drug delivery, 38 

food packaging, or papermaking industry, to name only a few.4-7 Their small size and the 39 

presence of coordinating groups on their surface, such as hydroxyls, sulfate half esters 40 

and carboxylates, make them ideal candidates for the stabilization of metal nanoparticles 41 

(NPs), which have been further utilized in catalysis.8-14 In particular it was shown that 42 

CNCs were excellent stabilizers for Au NPs applied to nitrophenol reduction, Ru NPs for 43 

arene hydrogenation, Ag for carbonyl hydrogenation, Pd for phenol hydrogenation and 44 

even for highly effective chirality transfer from the CNC surface in a Pd-catalyzed carbonyl 45 

hydrogenation reaction.9, 15-18 46 

 47 

While cellulose in its nanocrystalline form was undergoing these exciting developments, 48 

chitin, on the other hand, had been scarcely explored in this form, despite the presence 49 

of nitrogen-containing functionalities as a handle for further manipulations.19 Chitin serves 50 

as a core structural material in crustaceans, fungi, and certain insects, in a similar manner 51 

to cellulose for trees and plants. With shrimp and crab shells as primary sources, the 52 

annual availability of chitin is in the range of 1 to 100 billion tons.20 Currently in the seafood 53 
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industry, shell waste is often discarded back into the sea or in landfills, causing disposal 54 

costs as well as environmental concerns.21  Crustacean shells are mostly composed of 55 

proteins, calcium carbonate and chitin, which are all potential sources of valuable 56 

chemicals and the basis for a “shell biorefinery,” analogous to the forestry biorefinery 57 

where conversion processes and equipment are integrated to produce fuels, power, heat, 58 

and value-added chemicals from lignocellulosic biomass.22 Challenges to establishing a 59 

shell biorefinery including the sustainable fractionation processes to separate the 60 

components of shell waste, to establish chemical methods to produce value-added 61 

chemicals, and to identify downstream applications for these materials that lead to 62 

consumer products.23 63 

 64 

Chitin possesses a number of perceived beneficial properties for downstream 65 

applications including high bioavailability, antimicrobial properties, and high tensile 66 

strength. However, its limited solubility in aqueous and organic media have constrained 67 

actual deployment of chitin in applications.24-28 In lieu of this, the increased solubility of 68 

chitosan and its amino functional groups leads to greater reactivity compared to chitin in 69 

applications development, yet green methods for the conversion of chitin into chitosan 70 

are still highly sought after.26, 28 Chitosan has been reported as a bio-based support for 71 

metal NPs for use in catalysis.29-32 However, in order to increase surface area and affinity 72 

for binding ability to metals, chitosan should be processed into nanoscale dimensions like 73 

CNCs so as to maximize the potential of this biomaterial. The production of chitin 74 

nanocrystals (ChNCs) and related chitin nanofibrils is known.33-35 Typically, strong 75 

mineral acids are used to hydrolyze the amorphous regions of chitin to yield highly 76 
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crystalline nano-chitin materials. In another case, Isogai and co-workers used TEMPO-77 

mediated oxidation to produce carboxylated chitin nanofibrils.33 However these methods 78 

rely on the use of harsh and/or corrosive chemicals. Our group (Lam) has recently 79 

patented the procedure for producing carboxylated ChNCs from chitin using ammonium 80 

persulfate as a mild oxidant,36 and other groups have followed suited and used similar 81 

methods.37-39 From ChNCs, a major goal is the formation of chitosan nanocrystals 82 

(ChsNCs) by deacetylation, since the amine functionalities will impart surface charges to 83 

the nanocrystals and thus improve dispersibility in polar solvents. We (Lam group) 84 

reported that the use of concentrated NaOH to directly deacetylate ChNCs does lead to 85 

the formation of ChsNCs.36 However, the process had severe limitations as attempts to 86 

further deacetylate ChNCs above 70% degree of deacetylation (DDA) leads to 87 

uncontrolled depolymerization of the chitin structure, resulting in the production of 88 

spherical NPs with non-uniform size distribution. A challenge exists in fabricating ChsNCs 89 

with the expressed goals of creating biomaterials with high DDA, retention of nano-rod 90 

structure to minimize aggregation, and uniform size distribution to minimize un-necessary 91 

downstream separation steps. Aside from the development of clean ChNCs and ChsNCs 92 

syntheses, hybridization of ChNCs and ChsNCs with metal NPs remains largely 93 

unexplored, despite the expected advantages of nitrogen-containing groups presence at 94 

their surface as compared to their CNCs counterparts, in particular in terms of long-term 95 

stability and chemical reactivity.  Herein, we first provide a facile and scalable procedure 96 

for fabricating carboxylated ChNCs and ChsNCs from chitin. After physicochemical 97 

characterization, two methods were then used to immobilize Au onto both carboxylated 98 

ChNCs and ChsNCs. Au NPs were selected as our initial targeted catalyst material due 99 
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to its relatively low toxicity, along with having heightened catalytic ability for specific 100 

reactions such as the reduction of olefins and nitro-containing compounds.40 ChsNC-101 

supported Au was tested as catalysts for the reduction of 4-nitrophenol and for the 102 

aldehyde-amine-alkyne (A3) coupling reaction. For the reduction of 4-nitrophenol, we 103 

observed the highest turnover frequencies (TOFs) ever reported, and suggest that this 104 

high activity is caused by the high dispersibility of the Au NPs on ChsNCs as a support. 105 

For the A3 coupling reaction, it was found that high activity was linked to the ability of 106 

ChsNCs to effectively stabilize highly disperse Au in the +1 oxidation state. We hope to 107 

provide an initial framework for the design and synthesis of carboxylated ChsNCs, as well 108 

as demonstrate the remarkable applicability that this biomass material has in stabilizing 109 

active metal species for other catalyst systems. 110 

 111 

Results and Discussion 112 

Synthesis of ChNCs and ChsNCs 113 

The synthesis of nano-polysaccharides (CNCs and ChNCs) typically use high 114 

concentrations of strong acids (H2SO4 or HCl), where hydrolysis occurs through 115 

protonation of the glycosidic oxygen units in the biopolymeric chain, yielding fragments of 116 

shorter chain biopolymers while preserving the glucopyranosic backbone.41, 42  It is 117 

accepted that amorphous regions in native cellulose or chitin are more accessible to 118 

acidic hydrolysis attack, leaving the crystalline regions intact. We have demonstrated that 119 

dilute solutions of ammonium persulfate (APS) could act as green reagents to afford 120 

similar selective hydrolysis reactions with either cellulose or chitin.36, 43  Specifically, in 121 

acidic media, persulfate radicals along with hydrogen peroxide are released and act in 122 
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concert to degrade the amorphous regions of the biopolymer chain, via free-radical 123 

propagation and oxidation of the glycosidic bond. The oxidative environment also explains 124 

the oxidation of surface primary alcohol functionalities into carboxylic acids.43  125 

Crystalline Amorphous

 126 

Scheme 1: Schematic depicting the two steps of fabrication from bulk chitin to 127 

carboxylated chitosan nanocrystals 128 

Bulk chitin from shrimp shells were treated with APS at 60C for 16 h to afford 129 

carboxylated ChNCs as shown in Scheme 1. The ChNC morphology was analyzed by 130 

low voltage TEM (LV-TEM, Figure 1a). The average size of the nanorod ChNCs is 239  131 

7 nm in length, and 4.60  0.06 nm in width (n=400). AFM images confirmed these results 132 

(Figure S1a). FTIR analysis of ChNCs (Figure 1c) was used to identify the chemical 133 

transformations caused by APS treatment (full assignment in Table S1). Overall, FTIR 134 

spectra of bulk chitin (blue line) and synthesized ChNCs (orange line) are similar, with the 135 

exception of a peak centred at 1743 cm-1 present only in ChNC, attributed to the C=O 136 

stretching band. It confirmed that chitin C6 alcohols were oxidized into carboxylic acids in 137 
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ChNCs (Figure 1c, Figure S2). Bulk chitin and ChNCs were characterized by X-ray 138 

diffraction (XRD - Figure 1d). Characteristic diffraction peaks located at 9.6°, 19.6°, 21.1° 139 

and 23.7° are consistent -chitin polymorph for ChNCs.44-46  The crystallinity index (CRI) 140 

of ChNCs was estimated to be 75.9%, similar to bulk -chitin of 82.2%.47 This result is 141 

comparable to other crystalline chitin nanomaterials, such as an 86% literature value 142 

reported for chitin nanowhiskers.48  143 

 144 

Figure 1 LV-TEM micrographs taken at 5600× magnification of (a) ChNCs and (b) 145 

ChsNCs. (c) FTIR spectra of bulk chitin (blue), ChNCs (orange), and ChsNCs (black). (d) 146 

XRD spectra of bulk chitin, ChNCs, and ChsNCs.  147 

In order to deacetylate ChNCs into ChsNCs, ChNCs were suspended into a 40% (w/w) 148 

aqueous solution of NaOH at 117 oC for 18 h. Novel to this report is the addition of 10% 149 
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(w/w) NaBH4 as a crucial reagent to prevent depolymerization previously reported.36 This 150 

method has been developed to control the similar “end-peeling” phenomenon of cellulosic 151 

materials in alkaline environments.49 Specifically, NaBH4 selectively reduces the terminal 152 

alditols of the polymer chains.50 LV-TEM analysis of ChsNCs confirmed the desired 153 

retention of nano-rod structure across the sample (Figure 1b), where the average size of 154 

the ChsNC is 182  2 nm in length and 2.68  0.02 nm in width (n=1048), with further 155 

evidence in the AFM imaging (Figure S1b). Retention of the carboxylic acid COOH stretch 156 

is apparent in FTIR (Figure 1c), which validates that NaBH4 does not reduce the 157 

carboxylic acid functionality in the process. It is noted though that spectral features within 158 

the peaks are lost in the FTIR spectrum of ChsNCs in comparison to both ChNCs and 159 

bulk chitin, notably in the O-H and N-H stretching peaks in the 3500–3000 cm-1 region 160 

(Table S1). This phenomenon is attributed to a loss of crystallinity within the ChsNCs.  161 

The amide peak intensities found at 1560 cm-1 and 1030 cm-1 can be used to determine 162 

the DDA using a previously reported method.33, 51 In all cases, the DDA was measured to 163 

be higher than 80% for ChsNCs. In contrast, in the absence of methods to control end-164 

peeling, the direct deacetylation of ChNCs to ChsNCs led to the formation of variably-165 

sized, spherical chitosan NPs, which can be seen in both AFM (Figure S1c) and TEM 166 

(Figure S3). 167 

 168 

XRD analysis confirmed ChsNCs (Figure 1d) were amorphized during deacetylation 169 

treatment, in agreement with the FTIR data (Figure 1c). The CRI value for ChsNCs was 170 

estimated to be 23.6%, a major decrease from 75.9% measured for ChNCs. This 171 

crystallinity decrease was accompanied by a small shift towards higher angles and a large 172 
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intensity decrease of the 020 reflection at 9.6. A similar, yet much more intense, shift of 173 

this peak all the way to 11 had been previously reported by Chirachanchai and was 174 

associated with the formation of a webbed scaffold, distinct from the discreet crystals we 175 

observed for ChsNC.52 Also, previous studies reported that the decrease in intensity of 176 

the 020 reflection correlated linearly with DDA value.53 The peak at 12.5 is attributed to 177 

the 021 reflection and remained fairly intense as chitin was converted from ChNCs to 178 

ChsNCs, although a direct comparison between peaks intensity is misleading because of 179 

the large difference in signal-to-noise ratios in the various XRD spectra. Interestingly for 180 

the ChsNCs XRD spectrum, a high degree of convolution is seen in the reflections that 181 

envelope the chitin peaks found at 19.6, 21.1 and 23.7, which are the 110, 120 and 182 

101 reflections, respectively, as a consequence of amorphization. Similar amorphization 183 

effects were observed in many other chitin to chitosan deacetylation procedures.53, 54  184 

 185 

DLS and ζ potential measurements were also conducted for both ChNCs and ChsNCs 186 

and presented in Table 1. The negative ζ potential value of -36.9 ± 3.1 mV for ChNCs in 187 

water is consistent with the presence of negatively charged carboxylate groups at the 188 

nanorod surface. Conversely, a positive value of 47.3 ± 1.0 mV for the ζ potential is 189 

indicative of the positive surface charge on ChsNCs from the protonated amino groups 190 

dispersed in water at pH ~6.5.   191 

 192 

 193 

Table 1: DLS and ζ potential measurements of ChNCs and ChsNCs at pH 6.5 194 
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Sample Apparent Particle 
Size (nm) 

Polydispersity 
Index (PDI) 

Ζ Potential (mV) 

ChNC 99.0 ± 1.9 0.189 ± 0.016 -36.9 ± 3.1 

ChsNC 149.8 ± 0.3 0.187 ± 0.004 +47.3 ± 1.0 

 195 

As both amines and carboxylates are pH active functional groups, the pH-responsive 196 

behaviour of ChsNCs was investigated by using DLS and ζ potential measurements and 197 

compared with bulk chitosan (Figure S4).55 Different concentrations of ChsNCs in acetic 198 

acid were prepared in the range 1-0.1% (w/w) and the pH was adjusted from 1-12 by 199 

adding either HCl or NaOH solutions. At pH 2, ChsNC amino groups are protonated, 200 

resulting in dispersed ChsNC solutions with positive ζ potentials beyond 50 mV.  As the 201 

pH was decreased to under pH 2, a decrease in the absolute value of the ζ potential was 202 

reported, likely because of the high ionic charge resulting from the strong HCl 203 

concentrations in these conditions, resulting in surface charge shielding.  As the pH of the 204 

ChsNC solutions was increased from 2 to 7, the absolute value of the ζ potential 205 

decreased steadily to <20 mV, consistent with the gradual deprotonation of the quaternary 206 

ammonium groups. As the solutions became very basic (pH >10), the ζ potential dropped 207 

below 0 mV to a few units mV in the negative scale, revealing the negative charges of the 208 

carboxylate groups. The apparent particle size was measured by DLS. Under acidic 209 

conditions and up to pH 6.5, the apparent particle size of ChsNCs remained constant 210 

around 120 nm, a value consistent with AFM and TEM measurements. Beyond 6.5 211 

though, the particle size increased rapidly as a function of pH, as a result of the drop in 212 

surface charge. This justifies that acidic conditions were kept while exploring the 213 

properties of ChsNCs for catalysis in the following.  214 
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The physicochemical characterization of the carboxylated ChsNCs confirmed that the 215 

developed process afforded crystalline, nanorod-shaped ChsNCs with DDA consistently 216 

above 80%. The scalability of the process presented in Scheme 1 has been demonstrated 217 

in which ChNCs have been produced at the 200 L batch scale, while ChsNCs have been 218 

produced at the 5 L batch scale, as shown in the supporting information. 219 

 220 
Deposition of Au onto ChNCs and ChsNCs 221 

We then explored the use of these nanoscale biomaterials as supports for Au NPs owing 222 

to their unique chemical functionalities and higher overall surface area compared to their 223 

bulk counterparts. In order to pave the way as initial frameworks for metal NP deposition 224 

onto ChsNCs domains, two separate strategies of Au NP immobilization were 225 

investigated as outlined in Scheme 2.  226 
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 227 

 228 

Scheme 2: Synthetic routes to deposit Au NPs onto the ChsNCs. The two fabrication 229 

routes presented are the layer-by-layer method (LBL, top) and hydrogen reduction 230 

method (HR, bottom). 231 

 232 

The first method investigated the “layer-by-layer” (LBL) method, a two-step process 233 

previously developed by Lam et. al for CNC functionalization.18 This method enables the 234 

immobilization of pre-fabricated, carbonate-stabilized Au NPs of small size (<5 nm) onto 235 

CNCs. The positively charged polymer poly(diallyldimethylammonium) PDDA was coated 236 

onto ChsNCs, before Au NPs were immobilized over this hybrid, resulting in the formation 237 

of a light purple solid, Au@ChsNC-LBL. TEM imaging (Figure 2a) showed Au NPs 238 

deposited onto ChsNC with an average size of 3.7  0.8 nm (Figure S5) with many of 239 

them aggregated in discrete locations along the nanorods. UV-Vis absorption 240 
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corroborated this aggregation (Figure S6). A red shift of the localized surface plasmon 241 

resonance (LSPR) peak of the ready-made 3 nm Au NPs at 510 nm to 525 nm for 242 

Au@ChsNC-LBL was observed, which is a well-known effect of aggregation.56,57 243 

 244 

 245 

Figure 2 Brightfield TEM micrographs at 25000× magnification for (a) Au@ChsNC-LBL 246 

and (b) Au@ChsNC-HR, stained with 1 mM uranyl acetate. The insets for both (a) and 247 

(b) depict photographs of the two nanocomposites as dried powders. (c) Normalized Au 248 

4f XPS spectra comparing the compositional profiles of nanocomposites fabricated in 249 

various conditions: (black line) Au@ChsNC-HR and (blue line) Au@ChsNC-LBL, with the 250 
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theoretical binding energy of metallic Au at 84.0 eV shown as the dotted line. The inset 251 

depicts the deconvolution of the Au@ChsNC-HR Au 4f XPS spectrum. (d) The 252 

deconvolution of the Au@ChsNC-HR Au 4f XPS spectrum found in (c).  253 

 254 
This aggregation is consistent with the fact that ChsNCs feature a strongly positive 255 

surface charge, repulsing the positively charge PDDA-covered Au NPs. This is contrasted 256 

by the uniform distribution of Au NPs on CNCs using the same LBL method, since the 257 

CNCs in this case featured carboxylate anionic functionalities on their surface.18  258 

 259 

Alternatively we used a one-pot deposition-precipitation technique, via hydrogen 260 

reduction (HR), in which the Au salt precursor was reduced by hydrogen gas in situ within 261 

a suspension of ChsNCs, inspired by work done to access Pd@CNCs.17 As seen in 262 

Figure 2b and Figure S7, while the HR method created larger Au NPs (6.6  1.8 nm), they 263 

were far less aggregated for Au@ChsNC-HR than the immobilized Au NPs found using 264 

the LBL method. Moreover, all Au NPs were located on the surface of ChsNCs, with no 265 

“free” Au NPs unattached to a ChsNC. We hypothesized that the carboxylate 266 

functionalities on the ChsNCs could promote a suitable coordination environment for Au 267 

salts, which were then subsequently reduced in situ into NPs, favoring good dispersity 268 

and interaction with the support.58  269 

 270 

Along with the contrast in morphology created between the two fabrication procedures, 271 

the resulting Au species immobilized on ChsNCs from the two processes were also 272 

chemically dissimilar. X-ray photoelectron spectroscopy (XPS) was used to analyze the 273 

oxidation state of Au from both LBL and HR methods, as found in Figure 2c. The two 274 
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peaks in the normalized Au 4f high-resolution XPS spectra are the Au 4f5/2 and Au 4f7/2 275 

spin-orbit split peaks. For the Au 4f7/2 binding energies of the Au@ChsNC-LBL seen in 276 

Figure 2c, the peak was at 83.1 eV, which is a lower binding energy than the theoretical 277 

binding energy of metallic Au of 84.0 eV, marked by a dotted line in Figure 2c. This could 278 

be attributed to the lower cluster size of the Au being in a NP form, which has been 279 

reported by other groups, as well as electron transfer from the stabilizing carbonate ligand 280 

to the Au NP itself.59, 60 281 

 282 

As for the Au4f spectrum of Au@ChsNC-HR (black line, Figure 2c), the Au 4f7/2 peak was 283 

at a higher binding energy than 84.0 eV. Deconvolution of this peak (Figure 2d) revealed 284 

it enveloped two sub-peaks at 83.0 and 84.9 eV, attributed to Au0 and AuI, respectively.61, 285 

62 XRD spectra further corroborated this observation of the partial reduction of Au using 286 

the HR method, contrary to the LBL method (Figure S8). No reflection planes for metallic 287 

Au were found in the Au@ChsNC-HR, while broad reflections at 38.1 and 44.3 in the 288 

Au@ChsNC-LBL material were indicative of the presence of elemental Au.63, 64 This 289 

further validated the incomplete reduction of Au within the Au@ChsNC-HR material. The 290 

influence of pH during the HR reduction of Au on ChsNCs was investigated and is 291 

provided in the supplemental information (SI) section below Figure S9. Low pH conditions 292 

favoured the formation of Au0, while at higher pH the formation of AuI was evident.  293 

 294 

Catalytic reduction of 4-nitrophenol  295 

The catalytic performance of Au@ChsNC-LBL and Au@ChsNC-HR for the 4-nitrophenol 296 

reduction were evaluated by UV-vis spectroscopy (Figure 5).65-67  297 



 16 

 298 

 299 

 300 

Figure 3. Representative time-dependant UV-Vis absorption spectra for the reduction of 301 

4-nitrophenol to 4-aminophenol from 0 to 10 min using Au@ChsNC-LBL. The insets 302 

depict the reaction equation (top right) along with the plot of ln (A/A0) vs. time (bottom 303 

right) depicting the pseudo-first order kinetics of the reaction 304 

 305 

After addition of the catalyst to the reaction mixture, a decrease in the intensity at 400 nm 306 

from the 4-nitrophenolate anion was accompanied by a slight increase in absorption at 307 

295 nm, corresponding to the absorption of 4-aminophenolate anion. The reaction with 308 

either catalyst system reached 99% completion within the first 10 min. All 4-nitrophenol 309 
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reduction reactions were done at room temperature (298 K) unless otherwise specified. 310 

The activation energies for Au@ChsNC-LBL and Au@ChsNC-HR were 28.4 and 36.7 311 

kJ/mol, respectively, as calculated from the Arrhenius plots shown in Figure S10. Table 312 

2 shows the calculated rate constants and turnover frequencies (TOFs) for various 313 

catalysts made in this work.  314 

 315 

Table 2: Rate constants and turnover frequency values for the reduction of 4-nitrophenol 316 
to 4-aminophenol for various catalysts and supports. 317 

Entry Synthesis method Catalyst Support Au loading (%) Rate Constant (s-1) TOF (h-1) 

1 3 nm Au NP - 1 (2.04 ± 0.76) x 10-3 352 ± 139 

2 HAuCl4 - 1 (3.36 ± 0.43) x 10-4 320 ± 18 

3 LBL ChsNC 0.2 (4.47 ± 0.73) x 10-4 616 ± 61 

4 LBL Bulk chitosan 1 (9.97 ± 2.4) x 10-5 41 ± 12 

5 LBL ChNC 1 (5.74 ± 0.20) x 10-4 153 ± 0.3 

6 LBL Bulk chitin 1 (3.55 ± 0.11) x 10-4 106 ± 1 

7 HR ChsNC 0.2 (4.75 ± 0.77) x 10-3 8557 ± 1117 

8 HR Bulk chitosan 0.2 (7.80 ± 2.0) x 10-5 152 ± 24 

 318 

Firstly, free 3 nm carbonate-stabilized Au NPs – the one used in the LBL method - proved 319 

to be active in the catalytic reaction, serving as a positive control for the reaction 320 

conditions (entry 1). The ability for in situ reduction of Au during the catalyst experiment 321 

is proven by testing HAuCl4 as a catalyst (entry 2), where NaBH4 acts to reduce HAuCl4 322 

to metallic Au which serves as the catalyst site, as the 4-nitrophenol reduction reaction 323 

cannot proceed without an active metallic site for adsorption of substrates, illustrated by 324 

the Langmuir-Hinshelwood model.68-70 The comparison between the performance of 325 
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Au@ChsNC-LBL and Au NPs supported on bulk chitosan revealed the importance of 326 

bringing chitosan down to the nanoscale.  Au@ChsNC-LBL featured a TOF value over 327 

an order of magnitude higher than Au NPs supported by chitosan (entries 3 and 4). This 328 

is also seen for chitin as well, in which Au supported on ChNCs has a higher TOF value 329 

(entry 5) than Au supported on bulk chitin (entry 6). It is also important to note that the 330 

ChsNCs support for Au NPs (entry 3) outperformed the ChNCs support (entry 5). A 331 

possible explanation lies in the fact that ChsNCs being positively charges overall, may 332 

interact favorably with borohydride anions and accelerate reaction accordingly. 333 

Furthermore, by comparing the two methods for producing catalysts on ChsNCs, the HR 334 

method (entry 7) was superior to the LBL method with a TOF value (8557 h-1) an order of 335 

magnitude greater than the LBL method (entry 3, 616 h-1). From prior characterization of 336 

the material, the HR method yielded a catalyst with a significant portion of the metal in 337 

the +1 redox state, likely stabilized by carboxylate functionalities on the surface of 338 

ChsNCs. These are presumably reduced in situ under the catalytic conditions to yield 339 

highly dispersed active sites. On the other hand, the LBL method results in aggregation 340 

of Au NPs present on the ChsNCs. This may explain the superior activity observed with 341 

the HR made nanocatalysts. We attempted XPS analysis post-catalysis, unfortunately too 342 

much noise inhibited valid understanding of the Au oxidation state. Finally, negative 343 

control tests without the catalyst substrate, along with reactions containing only ChsNCs, 344 

PDDA/ChsNCs and PDDA/ChNCs, yielded no observable conversion. 345 

 346 

Au-ChsNC nanocatalysts exhibited superior catalytic activity compared to literature 347 

values for other Au-based catalysts immobilized on carbon-based supports (Table S2). 348 
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This nanocomposite system even outperformed Pd-based catalysts for the nitrophenol 349 

reduction. This assessment clearly depicts that through the combined characteristics of 350 

nanoscale dimensions and unique amine and carboxylate functionalities, ChsNCs are a 351 

viable, biomass-based support capable of outperforming the current CNC-based supports 352 

popularly utilized. 353 

 354 

By using the 4-nitrophenol model reaction as a framework for demonstrating catalytic 355 

ability of these nanomaterials, we have concluded the efficacy of using nanoscale chitin 356 

and chitosan over their bulk counterparts. Moreover, we establish the ability of chitosan 357 

as a much better support for Au NPs in lieu of chitin, as well as develop a one-pot 358 

synthesis to immobilize Au onto the ChsNC structure with control of the Au oxidation 359 

state. From this framework, we studied the activity of these nanocatalysts for another 360 

important chemical transformation.  361 

 362 

A3 Coupling Catalysis 363 

The A3 coupling reaction is an atom-economical reaction for the multi-component 364 

synthesis of propargylamines.71 It serves as alternative to the less sustainable reaction of 365 

using stoichiometric quantities of organometallic reagents such as butyllithium to activate 366 

the highly acidic terminal hydrogen of an alkynyl to form a metal acetylide, before 367 

subsequent addition to an imine.72, 73 Much work has been performed to understand its 368 

mechanism, along with developing more effective catalysts for this reaction in terms of 369 

TOF, stability, and recyclability.74 More specifically, the usage of Au as a transition metal 370 

catalyst has been studied extensively within the field.75 Both metallic Au NPs74 as well as 371 
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Au salts in the form of AuI/AuIII have the ability to catalyze this reaction.71, 76, 77  For 372 

example, Li and coworkers have shown that AuI salts are effective catalyst for the 373 

synthesis of propargylamines in water.78 Work has also been done on using biomaterials 374 

such as CNCs to support Au catalysts for A3 coupling, albeit with lower activity than their 375 

homogenous counterparts.79 Spurred by the heightened catalytic ability of Au@ChsNC-376 

HR, where the highly dispersed gold exists as Au0 and AuI, we explored the ability of this 377 

nanomaterial to catalyze the A3 coupling reaction.  378 

 379 

In a standard procedure, we used model substrates, benzaldehyde, piperidine, and 380 

phenylacetylene, keeping the benzaldehyde as the limiting reagent in order to favour 381 

formation of the imine intermediate. From Table 3, it can be seen that by using the free 382 

carbonate-stabilized Au NPs, negligible amounts of product was formed, evidencing that 383 

metallic Au may not play a major role as the active catalyst in the A3 coupling reaction 384 

(entry 9). In contrast to this, using the HAuCl4 salt is seen to have full conversion to the 385 

proparglymine product in 24 h (entry 10). The inability for Au0 to catalyze the reaction is 386 

further seen by using Au@ChsNC-LBL (8%, entry 11), which was confirmed previously 387 

to feature pure Au0. In contrast, substantial conversion and yield can be seen using 388 

Au@ChsNC-HR with only 0.1 mol% Au loading (91%, entry 12). By increasing the Au 389 

loading to 0.5 mol% Au, full conversion was reported (entry 13). Lower yields of 69% and 390 

40% were reported at 6 h for 0.5 mol% (entry 14) and 0.1 mol% (entry 15) Au loading, 391 

respectively. The effects of temperature were examined as well in which >90% yield was 392 

achieved at 50 °C (entry 16). However, when the temperature is increased to 100 °C, a 393 

substantial decrease in yield is seen (56%, entry 17). This may be caused by potential 394 
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degradation of the catalyst at this temperature, which would inhibit the formation of the 395 

final product. 396 

  397 

Table 3. A3 coupling reaction table. All reactions listed are done using 1 mmol 398 
benzaldehyde, 1.2 mmol piperidine, and 1.5 mmol phenylacetylene, with no solvent. Yield 399 
was determined through 1H NMR. aReaction done using water as the solvent. 400 

 401 

Entry 
Synthesis 
method 

Catalyst 
Support 

Au loading (%) Temperature (°C) Time (h) Yield (%) 

9a 3 nm Au NP - 1 80 24 2 

10a HAuCl4 - 1 80 24 >99 

11 LBL ChsNC 0.1 70 24 8 

12 HR ChsNC 0.1 70 24 91 

13 HR ChsNC 0.5 70 24 >99 

14 HR ChsNC 0.5 70 6 69 

15 HR ChsNC 0.1 70 6 40 

16 HR ChsNC 0.5 50 24 92 

17 HR ChsNC 0.5 100 24 56 

 402 

Conclusions 403 

In this work, we present the first method to produce carboxylated ChsNCs from bulk chitin. 404 

Using ammonium persulfate as a mild oxidant, cleavage of the chitin amorphous regions 405 

with concurrent oxidation of the C6 alcohol groups leads to the formation of carboxylated 406 

ChNCs. Moreover, through a facile procedure using NaBH4 in alkaline conditions to limit 407 

O

N
H

H

Ph

N

Ph

AuNP@ChsNC

24 hr, 80oC

++
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uncontrolled depolymerization, deacetylation of ChNCs occurs to produce ChsNCs with 408 

high DDA, retention of the nanorod structure and surface carboxylic acid functionality. 409 

Two different methods were used to create Au-immobilized ChsNC catalysts in which the 410 

composition and topography of these nanomaterials can be directly altered through the 411 

reaction conditions. The catalytic properties of the nanomaterial were then investigated 412 

in the reduction of 4-nitrophenol and the A3 coupling reaction. We have shown that 413 

nanoscale chitin and chitosan have a clear advantage in activity over bulk chitin and 414 

chitosan as support materials for heterogenous catalysis. A highly dispersed dual AuI/Au0 415 

nanocatalyst (Au@ChsNC-HR) fabricated by direct hydrogen reduction of HAuCl4 on 416 

ChsNC showed significant activity for both model catalyst reactions. To the best of our 417 

knowledge, the Au@ChsNC-HR nanocatalyst exhibits the highest reported TOF for the 418 

classical 4-nitrophenol reduction reaction on carbon based-supports. From this work, we 419 

hope to show the potential of deriving high value products from chitinous waste streams 420 

obtained from the seafood industry, as well as exhibit the unique physicochemical 421 

properties of ChsNCs conferred by the both different functional groups and its nanorod-422 

structure. This work provides a prospective of ChsNCs as a new bio-nanomaterial that 423 

can compete with and possibly overcome CNCs in terms of applicability and efficacy. 424 

 425 
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