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24

25 ABSTRACT

26

27 The fuel cell is the best alternative to compensate for today’s energy demand, but the high cost of 

28 fabrication of membrane (e.g., Nafion) hampers the prevalent commercialization. Plant-derived 

29 nanocellulose is a renewable, most abundant, and biocompatible with high strength and tunable 

30 surface chemistry.  Here we have demonstrated the jute derived-Nitro-oxidized carboxycellulose 

31 nanofibers (NOCNF) as a viable and sustainable substitute for synthetic ionomer membrane used 

32 in proton exchange fuel cell (PEFC). NOCNF were obtained in two functionalities: carboxylate 

33 and carboxylic acid which then transformed into Nanopaper I and II, respectively. This is the first 

34 report where NOCNF with two different functionalities were tested in PEFC. The results indicated 

35 that Nanopaper II performed better than Nanopaper I with high proton conductivity of 14.2 mS 

36 cm-1 and power density of 19.1 mW cm-2 at high temperature (80º C) operation in PEFC, along 

37 with excellent durability even for 24 h of operation.

38

39

40 Keywords: Pant-based, Cellulose nanofibers, PEM fuel cell, Nitro-oxidation, Jute fibers 

41

42
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43 INTRODUCTION

44

45 The global population is projected to reach 9.7 billion by 2050, with this, the global 

46 electricity demand is expected to grow 150% to 53.6 billion MWh.1 In order to sustainably meet 

47 this demand, improved energy efficient and renewable energy sources are needed. In this regard, 

48 hydrogen fuel cell technologies present an attractive energy carrying solution due to their 

49 flexibility, clean emissions, and efficiency.2-8

50

51 Proton exchange membrane fuel cells (PEMFC) are electrochemical devices that catalyze 

52 the spontaneous redox reaction between H2(g) and O2(g) to create a potential difference between 

53 electrodes.9    Thus, energy from an intermittent source can be converted and used on demand from 

54 a gas-based storage.  In particular, the only commercial proton exchange membrane used is Nafion, 

55 a fluoropolymer that conducts protons via sulfonic acid groups.10, 11  Unfortunately, the limitations 

56 associated with Nafion include: (i) high cost i.e. ~US$ 800/m2,12, (ii) susceptibility to hydrogen 

57 gas crossover13, (iii) complex recycling process14, (iv) not biodegradable (V) loss of performance 

58 (proton conductivity and mechanical stability) at low relative humidity (RH) and high 

59 temperature15.   Therefore, an inexpensive, greener, and more stable membrane is imperative to 

60 elevate the viability of PEMFC at large scale.

61 Plant-based nanocellulose is a most abundant, inexpensive and renewable nanomaterial 

62 that has potential in many different applications including pharmaceuticals,16 food,17 energy 

63 storage,18 water purification,19 biomedical,20 3D printing and tissue engineering.21  Functionalized 

64 nanocellulose is one of the most anticipated alternative membrane precursors with several 

65 groundbreaking properties due to presence of abundant hydroxyl groups available for chemical 
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66 modifications or hydrogen bonding networks.22-26  Mainly,   there are two forms of plant derived 

67 nanocelluloses: cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF).27 CNCs are 

68 cellulose crystals with about 10 nm width and several hundreds of nanometers long; they are made 

69 by strong acid hydrolysis of cellulose which removes more easily hydrolyzed noncrystalline 

70 regions. 28 However, CNFs have varying morphologies than CNCs; they are mostly produced by  

71 by TEMPO oxidation,29-31 carboxymethylation,32 phosphorylation,33 acetylation,34 silylation,35 

72 nitro-oxidation25, 27 on cellulose. Most of the above processes generate CNF with negative surface 

73 charges which not only facilitate nanofiber dispersion in suspensions, but also provide functional 

74 sites for utilization in various applications including adsorption, sensing, catalysis and for further 

75 chemical modification.36-43 Spherical shape nanocellulose has also been developed and 

76 demonstrated to use in stabilizing the suspension of carbon nanotubes.44-48. The biopolymer based 

77 nanocellulose-enabled membrane technology not only may be suitable for tackling global energy 

78 challenges, but it can also provide a new low-cost platform for development of new energy storge 

79 and generation technologies.49

80

81

82 CNF with high aspect ratio possess excellent mechanical properties such as Young’s 

83 modulus of 138 GPa and an estimated strength of 2-3 GPa.50, 51 Additionally, the introduction of 

84 carboxyl and sulfonic acid groups enable proton conduction through nanocellulose membranes.52-

85 56 The fibrous morphology of CNF can be used to fabricate membranes with controlled pore sizes 

86 that enable superior gas barrier properties comparable with Nafion.57, 58  Beside that temperature 

87 is also an important factor affecting the fuel cell performance. High temperature operation leads 

88 to faster reaction kinetics, lower electrocatalyst loading, and improved water management, thereby 
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89 further can reduce the cost, however, higher temperature operation can put greater load on the 

90 membrane.9, 50, 59

91

92 There are several previous studies of cellulose/ionomer composite membranes.60-63 Gadim 

93 et al. blended poly(4-styrene sulfonic acid) with bacterial cellulose and achieved an AC 

94 conductivity of 14 mS cm-1 at 98% relative humidity (RH) and maximum power density of 40 mW 

95 cm-2 at 125 mA cm-2.64 Jiang et al. made Nafion/bacterial nanocellulose composite membranes 

96 which had a proton conductivity of 71 mS cm-1 and a power density of 106 mW cm-2 at 100% RH, 

97 and at 30°C.56  Notably, there are only few studies on functionalized nanocellulose membranes 

98 (e.g. TEMPO oxidized, Sulfonated CNC) as the ionomer. Gadim et al. continued the study of 

99 Nafion/nanocellulose blends and determined an in-plane proton conductivity to be 0.14 S cm-1 and 

100 a maximum power density of 40 mW cm-2 at 125 mA cm-2 at 98% RH and room temperature.64 

101 Hasani-Sadrabadi et al. made membranes with 5 wt% CNC and Nafion and observed a maximum 

102 power density of 91 mW cm-2 at 70 °C in a direct methanol fuel cell, which was higher than pure 

103 Nafion as there was reduced methanol crossover.65 Finally, Tritt-Goc et al. created a high 

104 temperature imidazole-doped CNC membrane that reached 2.7x10-2 S/m at 140 °C in dry 

105 conditions.66 Bayer et al. first reported the use of pure CNF and CNC membranes and found 

106 superior gas barrier properties, but significantly lower conductivity of 0.01 mS cm-1 for CNF and 

107 ~15 mS cm-1 for Nafion at 100% RH, and at 30 °C and power density of 0.79 mW cm-2 at 1.8 cm-2 

108 for CNF and ~450 mW cm-2 for Nafion.13 The CNC membranes showed better performance but 

109 they were brittle due to high crystallinity and can be cracked from heat pressing.59 Hence, CNF 

110 with  high aspect ratio  are required to maintain mechanical strength of membrane during the the 

111 fuel cell operation.
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112            

113  In this work we have used simple one step Nitro-oxidation method which allows both 

114 resource and energy efficient production of carboxycellulose nanofibrils27, 67 from jute-fibers with 

115 two different forms of carboxylate (COONa) and carboxylic (COOH) groups. Here the 

116 carboxycellulose nanofibril produced from Nitro-oxidation method are abbreviated as NOCNF. 

117 This is the first report where the presence of ionic (COO-, carboxylate) and non-ionic (COOH, 

118 carboxylic) groups in the Nanopaper has been studied for their performance in PEMFC. It is 

119 hypothesized that the nanopaper having carboxylic group (COOH) will exhibit better performance 

120 in PEMFC because of the following facts: (i) carboxylic acid can accept and donate the proton, 

121 hence will act as a better charge carrier, (ii) it can exhibit more intense hydrogen bonding that can 

122 lead to more crosslinking resultant into denser and mechanically strong nanopaper which can be 

123 applicable for  high temperature operation, (iii) carboxylic acid is hydrophilic that can lead to more 

124 water intake, hence can allow more proton transfer.  Additionally, none of the report has 

125 demonstrated the use of cost-effective, less-chemically oriented pathway to design the ionomer 

126 membrane. We are the first to explore the NOCNF in preparation of such type of membranes useful 

127 in high tech applications (e.g., fuel cell). 

128

129 EXPERIMENTAL SECTION

130

131 Untreated jute fibers (DP of extracted cellulose = 516) were provided by Toptrans 

132 Bangladesh Ltd. In Bangladesh.  All samples were cut into small pieces having 3-5 cm in length 

133 and subsequently washed, but without further treatment. Analytical grade nitric acid (ACS reagent, 

134 65%) and sodium nitrite (ACS reagent ≥ 97 %) were purchased from Sigma Aldrich; sodium 

135 bicarbonate, Hydrochloric Acid (37%) and HPLC grade DI water was purchased from Fisher 
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136 Scientific. All chemicals were used without further purification. Durapore membrane filter paper 

137 having a diameter of 47 mm and an average pore size of 0.1 μm  was purchased from VWR. 

138

139 Preparation of NOCNF 

140

141 NOCNF were prepared by previously reported nitro-oxidation method.25  In brief, 10 g 

142 dried jute fibers were placed  in a 2 L three-neck round-bottom flask, where 140 mL  of nitric acid 

143 (60%) was added. When the samples became completely mixed in the acid, 4.6 g of sodium nitrite 

144 was added to the reaction mixture under continuous stirring. The addition of sodium nitrite causes 

145 the generation of red gases inside the flask, which were prevented from escaping by closing the 

146 mouths of round-bottom flask with stoppers. The reaction was performed at 50 °C for 12 h and 

147 was then stopped by adding 500 mL of distilled water to the beaker. On equilibration of final 

148 reaction mixture, the supernatant liquid was discarded to remove the excess acid, leaving behind 

149 the fibers at the bottom. After doing the first decantation process, a mixture of ethanol and water 

150 (1:2 ratio) was added to the fibers, and then the suspension was stirred. The sample was kept 

151 untouched until the liquid (supernatant) and solid fibers became separate layers. The supernatant 

152 was also decanted off to extract the fibers. The above decantation step was repeated 4−5 times, 

153 until the pH value of fiber suspension reached above 2.5. This suspension was then transferred into 

154 a dialysis bag for 4−5 days until the conductivity of water reached below 5 μS. Once the dialysis 

155 of fiber suspension gets finished the fibers were then treated with sodium bicarbonate (8 wt % 

156 sodium bicarbonates) to obtain a good dispersion, so that it can easily homogenized to obtain the 

157 nanofibers suspension. Hence, the fibers were then passed to a high-pressure homogenizer (GEA 

158 Niro Soavi Panda Plus Bench top homogenizer) at 250 bar for 1 cycle. The obtained nanofibers 
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159 were again dialyzed (using a dialysis bag, Spectral/Por; with MWCO: 6−8 kDa) and equilibrated 

160 for 2−4 days, until the conductivity of water reached below 5 μS.  The obtained nanofibers 

161 possessed the carboxylate groups (COO-Na+) and termed as CNF-Na.

162

163 One portion of above nanofibers was then treated with 0.1 M Hydrochloric acid until pH 

164 of suspension reach to 2 and dialyzed for conversion of -COONa functionality to -COOH. This 

165 nanofiber suspension was named as CNF-H. The schematic diagram on preparation of CNF-H and 

166 CNF-Na with two different functionalities using the nitro-oxidation approach is shown in Figure 

167 1.

168

169 Preparation of Nanopaper

170

171 Nanocellulose suspension in water (CNF-Na and CNF-H) with 0.20 wt% concentration 

172 and volume 200 mL were stirred separately for 3 h at 320 rpm to make the suspension homogenous. 

173 Then the suspension of these CNF vacuum filtered by using microfiltration assembly composed 

174 of a glass support Ultra-Ware glass funnel connected to a vacuum pump, where the funnel was 

175 fitted with a Durapore membrane filter paper having a diameter of 47 mm and an average pore size 

176 of 0.1 μm.  The aggregation of the nanofibers (CNF-H and CNF-Na) layer was formed 

177 continuously on top of the membrane paper until a uniform wet sheet of nanopaper was achieved. 

178 The wet nanopaper sheet was then removed from the membrane paper, and placed between two 

179 Kapton films and hot-pressed at 110 °C for 20 min. To avoid the wrinkling of the nanopaper edges, 

180 the resulting nanopaper was compressed under 2 kg of weight at room temperature for 10 h. The 

181 nanopaper prepared using CNF-Na suspension was termed as Nanopaper I while nanopaper II 
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182 developed using CNF-H suspension was named as Nanopaper II. The thicknesses of the 

183 Nanopaper I and Nanopaper II were in the range of 60-62 μm.

184

185 XPS Analysis

186 The O1s peak was calibrated to 532 eV and C1s peak to 284.8 eV.

187

188 Proton Conductivity 

189

190 In-plane ion conductivity measurements were determined using a Scribner 740MTS 

191 instrument for temperature and humidity control (under N2 atmosphere). Using a four-point probe, 

192 impedance was measured with an AC amplitude of 10 mV in a frequency range from 10 Hz to 105 

193 Hz. Measurements were taken at 100% RH and at 30, 45, 60 and 80 °C. The samples were 

194 equilibrated to the appropriate testing conditions for 0.5 h prior to the impedance measurement. 

195 Resistance was determined from the high frequency x-intercept of the semicircle of Nyquist plots. 

196 Conductivity was calculated from the following equation:

197                                                              Eq. 1                                                                        𝜎 =
𝐿

𝐴 ∗  𝑅

198 Where σ is the calculated conductivity, L is the length between the two inner probes, A is the cross-

199 sectional area of the membrane and R is the resistance.

200

201 Fuel Cell Performance 

202
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203 The 5 cm2 membrane electrode assembly (MEA) was made by hot-pressing the two 

204 commercial carbon cloth electrodes (0.1mg/cm2 Pt loading, Fuel Cell Etc.) onto the opposing sides 

205 of Nanopapers under the condition of 2 MPa at 140 oC for 1 min after waiting 5 min for temperature 

206 to stabilize. The single cell performance was evaluated on a fuel cell test station (Fuel Cell 

207 Technology). The anode and cathode were fed with humidified H2 and O2 at 80 oC with 100% RH. 

208 H2/O2 gas fluxes were both controlled at 100 cm3/min and externally humidified at the dew point 

209 temperature. The performance test was conducted after 1h humidification. The backpressure for 

210 both the anode and cathode was varied from 0, 8 and 21 psi for the collection of polarization and 

211 power curves.

212

213 RESULTS AND DISCUSSION 

214

215 Characterization of NOCNF (CNF-H and CNF-Na) 

216

217 The nitro-oxidation approach was designed to treat raw biomass, especially nonwood 

218 biomass, aiming to make the nanofibers extraction more facile, more sustainable, less chemical 

219 oriented, and less energy dependent. Based on our previous nitro-oxidation study the primary 

220 factor affecting the morphology and surface charge of NOCNF was the amount and concentration 

221 of nitric acid used.25, 27 However, the decrease in nitric acid concentration to 60% could result in 

222 high aspect ratio NOCNF having a significant portion of fiber length without changing the average 

223 width.68 Typically, when CNF has a good aspect ratio and high surface charge, the suspension can 

224 result in a homogeneous gel.69 The CNF-Na sample obtained in the current study possess the 

225 surface charge of -117 mV in the form of COONa with concentration of 0.94 mmol/g. 
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245

246 Figure 1. Schematic preparation of Nanopapers from raw jute fibers: Nanopaper I and 

247 Nanopaper II prepared by using CNF-Na and CNF-H respectively. 

248

249 Further -COONa group of nanofibers were converted to –COOH group to introduce highly 

250 acidic protons by treating CNF-Na suspension with 0.1 M HCl until the pH of suspension reach to 

251 2 followed by dialysis. The surface charge for these CNF-H nanofibers was found −72 mV. This 

Nitro-oxidation (NaNO2/HNO3)
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2. Hot Press
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TreatmentNOCNF

Page 11 of 29 Sustainable Energy & Fuels



12

252 indicates that this acidic treatment has led to a partial conversion of ionic -COO-Na+ groups to 

253 nonionic -COOH forms in CNF-H. 

254

255 Figure 2 (i & ii) presents the TEM image of CNF-H and CNF-Na samples. The average 

256 length and width measured for CNF-Na was 511±151 and 7.6±1.9 nm. While the average length 

257 and width obtained for CNF-H was 338±127 and 7.7±1.8 nm. The results indicate the decrease in 

258 the length of fibers on acidic treatment without change the fibers width. It is obvious that the acidic 

259 treatment of cellulosic fibers can cause the degradation of fiber by breakage of 1,4-glycosidic 

260 bonds in cellulose chains.45 

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

(iii
)

(iv)
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276 Figure 2. TEM image of NOCNF extracted from jute (i) CNF-Na (ii) CNF-H (taken at scale bar 

277 of 500 nm and magnification of 329,0000X); AFM images of NOCNF (iii) CNF-H (iv) CNF-Na 

278 taken at 2.5 µm scale.

279

280 The AFM images of CNF-Na and CNF-H are presented in Figure 2(iii & iv). It is observed 

281 that CNF-Na (Figure 2(iii)) has not shown any aggregations of nanofibers. While CNF-H has 

282 presented strong accretion behavior likely due the additional hydrogen bonding interaction 

283 between the cellulose chains resulted from COOH groups.70  The photographs of CNF-Na and 

284 CNF-H suspension is shown in Figure 1 further provide the evidence of accretion behavior in 

285 CNF-H. It is observed that CNF-Na suspension is clearer and more transparent, however CNF-H 

286 suspension is nontransparent. 

287

288 Surface Functionality, Chemical Composition and Thermal Properties of Nanopaprs

289

290 The surface functionality of Nanopaper I and II prepared from NOCNF suspension was 

291 first carried out by FTIR. The FTIR spectra of both Nanopapers are presented in Figure 3 (i). In 

292 these spectra, the dominant 3328 cm−1 peak due to the OH stretching and the weaker 2900 cm−1 

293 peak due to the -CH symmetrical stretching (all from the cellulose component) was present in both 

294 Nanopaper samples. The sharp peak appears around 1515 cm−1 in both Nanopapers is due to C=C 

295 aromatic symmetrical stretching in the lignin unit, while peaks appear at 1739, 1460, 1240, and 

296 810 cm−1 in the xylan and glucomannan of hemicellulose units. 
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297 The appearance of a sharp 1602 cm−1 peak in Nanopaper I confirmed the presence of C=O 

298 group of COONa functionality;  while a sharp C=O absorption band at 1720 cm−1 is assigned to 

299 C=O stretching of COOH functionality in Nanopaper II.70 

300

301 The thermogravimetric and derivative thermogravimetric analysis of Nanopaper I and II is 

302 shown in Figure 3(ii). The thermal degradation profile of both the Nanopapers exhibited almost 

303 similar and two major degradation steps, whereby the initial onset temperature (Tonset) was at 

304 200°C with 8.2 wt % weight loss, and the final offset temperature (Toffset) was at 305 °C with 48 

305 wt % weight loss. The shifting of the Tonset value to a lower temperature of Nanopapers (Nanoaper 

306 I and II) as compared to that of raw biomass indicates the lower thermal stability of these 

307 Nanopapers might be due to the presence of thermally unstable anhydroglucoronic moiety in 

308 nanofibers, which could be degraded at a lower temperature (~200 °C) and release CO2.48 The 

309 major difference in the TGA profile of Nanopaper I and II is the amount of residual weight 

310 obtained at 550 °C. In case of Nanopaper I the residual weight was around 16.38%, while in the 

311 case of Nanopaper II it was 12.49%. The higher residual weight % in the case of Nanopaper I can 

312 be explained by the presence of residual metal oxide resulted from the thermal decomposition of 

313 COONa functionality. 

314

315

316

317

318

319

(i)
(ii)(i)

A- Nanopaper I
B- Nanopaper II

A

B

A- Nanopaper I
B- Nanopaper II

A

B
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320

321

322

323 Figure 3. (i) FTIR spectra of Nanopaper I and II; (ii) TGA curves of Nanopaper I and II.

324

325 Figure 4(i) shows the XPS wide scan of Nanopaper I and II. The Na KLL Auger peak was 

326 observed at 497 eV in Nanopaper I. Using the sensitivity factor for C1s and O1s of 1.00 and 2.93 

327 respectively, the elemental composition of Nanopaper I was calculated to 62.4% carbon and 34.3% 

328 oxygen. The elemental composition of Nanopaper II was calculated to 67.2% carbon and 32.4% 

329 oxygen. The C1s peak of both the Nanopapers can be deconvoluted into four smaller peaks. Fitting 

330 was done using a Shirley background, Gaussian curve fitting, and constraining peak position, area, 

331 and full width at half maximum (FWHM). From greatest to lowest relative area shown in Figure 

332 4(ii), the C-C, C-H peak corresponded to the cellulose backbone ring and hydrocarbon bonding. 

333 The C-OH is attributed to carbon bonded alcohol groups in the cellulose chain. The O-C-O peak 

334 appeared due to acetal groups. While the O=C-O peak is from carboxyl groups. The O1s peak of 

335 Nanopaper I and II was deconvoluted to four peaks shown in Figure 4(iii). The O=C-O peak 

336 corresponded to carbonyl oxygen of the acid, C-OH is attributed to the alcohol group, C-O-C-O 

337 resulted from the acetal group and O-C=O was assigned to singly bonded oxygen of the acid. On 

338 Comparing XPS spectra of both Nanopapers in Figure 4(iii), the O-C=O and O=C-O contribution 

339 was estimated approximately equally to be in agreement to the theoretical structure of carboxylated 

340 cellulose. Moreover, the largest contribution was from the C-OH bond (~40%) which confirms not 

341 all alcohols of cellulose were oxidized, likely secondary alcohol groups remained. Fitting for the 

342 carboxylic acid of both C1s and O1s was based on the carboxylate content calculated from 

Page 15 of 29 Sustainable Energy & Fuels



16

343 conductometric titration; 0.94 mmol of carboxylate per gram of cellulose. Because cellulose has a 

344 structure of C6H10O5, it is estimated that six out of every twenty-one atoms are carbon. And for 

345 every mol of carboxylate, there is one mol of carbon. On these assumptions, we estimated the C1s 

346 O=C-O contribution to 3.9%. A similar estimate was done for each oxygen of the O1s O=C-O, 

347 while also constraining the peak areas to be equal during fitting.71

348

349

350 Figure 4. (i) XPS wide scan spectra of Nanopaper I and II and elemental composition. (ii) 

351 Deconvoluted C1s spectra of Nanopaper I and II with relative bond distribution. (iii) 

352 Deconvoluted O1s spectra of Nanopaper I and II with relative bond distribution.

353

354 The contact angle measurement for Nanopaper I and II is presented in Figure S1 

355 (Supporting Information).  The average contact angle observed for Nanopaper I and Nanopaper II 

356 was 47.2o and 34.4o respectively. Lower contact angle value for Nanopaper II indicates more 

357 hydrophilicity as compared to Nanopaper I showed high water intake capability of Nanopaper II. 

358 This further confirms the presence of highly acidic and hydrophilic  COOH groups on the surface 

359 of Nanopaper II.72

360
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361 WAXD measurements were carried out as shown in figure 5(i) to confirm the crystallinity 

362 index as well as the crystal structure of Nanopapers. The WAXD patterns of Nanopapers indicate 

363 that both the Nanopapers have exhibited cellulose I structure with diffraction peaks at 2θ

364 angles of 16.5°, 22.7°, and 35.1° corresponding to (110), (200), and (004) reflections, respectively. 

365 This further provides the evidence of change of COONa to COOH functionality in NOCNF did 

366 not change the crystal structure of cellulose chain. The crystallinity index (CI) calculated from the 

367 WAXD data for Nanopaper I was 77%, while that for Nanopaper II was 60.9 %.  The lower 

368 crystallinity of Nanopaper II could be because of the additional acid treatment that has employed 

369 to convert the COONa groups in NOCNF to COOH. 

370

371 Solid state 13C CPMAS NMR spectra of Nanopaper I and Nanopaper II are shown in Figure 

372 5(ii). The NMR spectra of both the Nanopaper shows the distinct peaks of cellulose I chain as 

373 follows: (i) peaks between 60-70 ppm belong to C6 carbon of the primary alcohol group, (ii) a 

374 group of peaks in between 70-80 ppm attributed to the C2, C3, and C5 carbons, (iii) peak between 

375 80-95 ppm associated with C4 carbon, (iv) peaks between 100-110 ppm was due to the anomeric 

376 carbon C1.58 Most importantly,  the peak corresponds to carboxylate carbon for Nanopaper I 

377 appeared at 178 ppm while for Nanopaper II, it shifted more downfield at  172 ppm. This is because 

378 Nanopaper I consist of COONa groups where Na+ ions are more electropositive than H+ of COOH 

379 in Nanopaper II. 

380

381 Tensile properties of two Nanopaper I and II are shown in Figure 5(iii). The Nanopaper I 

382 prepared by CNF-Na whose average L and W was 511±151 and 7.6±1.9 nm, respectively. While 

383 the Nanopaper II prepared by using CNF-H showed the average L and W in the range of   338±127 
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384 and 7.7±1.8 nm respectively. Hence, the Nanopaper I exhibited higher aspect ratio (L/D) of 67.2 

385 as compared to aspect ratio of Nanopaper II which was 43.8. The higher aspect ratio for Nanopaper 

386 II should led to excellent mechanical properties.69 However, in this study we have observed 

387 opposite trend where Nanopaper I comprised of high aspect ratio CNF-Na showed lower tensile 

388 strength of 89±1.2 MPa at elongation at break ratio of 2.2 ±0.2%, while Nanopaper II consist of 

389 low aspect ratio CNF-H exhibited high tensile strength of  112±2 MPa with  elongation at break 

390 ratio of 3.0 ± 0.2%. The most probable reason for this opposite trend could be the presence of 

391 COOH groups in Nanopaper II that has induced strong hydrogen bonding owing to its strong 

392 tensile strength. 

393

394

395

396

397
398
399
400
401
402
403
404
405
406
407
408

409

410

411

412

(iii)
A- Nanopaper I
B- Nanopaper II

A
B

C2, C3, C5
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413

414

415 Figure 5. (i) WAXD patterns of Nanopaper I and II. (ii) 13C CPMAS NMR spectra of  

416 Nanopaper I and II. (iii) Tensile curves for Nanopaper I and II.

417

418 Surface Morphology, BET Surface area, Mechanical Properties of Nanopapers

419

420 Photographs of two nanocellulose suspensions (CNF-Na and CNF-H) and their 

421 corresponding Nanopaper I and II are shown in Figure 1. Suspension of CNF-Na looks clear and 

422 highly suspended due to presence of ionic -COONa groups, while CNF-H suspension appearances 

423 more blurred likely due to aggregation of nanofibers via hydrogen bonding induce by their -COOH 

424 groups. Similarly, the Nanopaper I looks more transparent than Nanopaper II. 

425

426

427

428

429

430

431

432

433

434

435

(i) (ii)

(iii) (iv)
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436

437

438 Figure 6. (i) SEM image and EDX elemental mapping for Nanopaper I (ii) SEM image of cross 

439 section of Nanopaper I (iii) SEM image and EDX elemental mapping for Nanopaper II (iv) SEM 

440 image of cross-section of Nanopaper II.

441

442 SEM images in Figure 6 present exterior and interior morphology of Nanopaper I and II. 

443 Both the Nanopapers consists of a network of randomly interwoven fibers. The surface of 

444 Nanopaper I looks smooth with evenly distributed fibers. While surface of Nanopaper II appeared 

445 rough likely due highly crosslinked hydrogen bonded fibers by COOH functional groups as 

446 discussed in FTIR section. The difference between surface morphologies of both the Nanopapers 

447 is quite depictive in their respective cross-section SEM images.  The cross-section SEM image of 

448 Nanopaper I shows with big pores along with few small tinny pores on the smooth surface,  while 

449 on the surface of Nanopaper II more evenly distributed pores were observed  which are smaller in 

450 the size compared to Nanopaper I, which further evidence that Nanopaper II comprised of highly 

451 crosslinked and interconnected fibers resultant into its smooth and denser membrane. 

452

453 The BET measurement for Nanopaper I and Nanopaper II is presented in Figure S2 in 

454 Supplementary Information. The measured surface area for Nanopaper I and II was 1.83 and 0.87 

455 m2/g respectively.  The lower surface area value for Nanopaper II compared to Nanopaper I 

456 indicates that Nanopaper II structure is comparatively denser due to highly crosslinked nanofiber 

457 network which is clearly seen in SEM image of Nanopaper II. Both the Nanopapers I and II 

458 possessed very small total mesopore volumes of 0.006 and 0.002 cc g−1, respectively (presented in 
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459 Figure S3 in Supplementary Information). The low pore volume indicates the  good gas barrier 

460 properties of both Nanopapers I and II, and allow them suitable for hydrogen fuel cell 

461 applications.59 

462

463 Fuel Cell performance

464

465 Till now functionalized nanocellulose membrane with COOH functionality in PEMFC has 

466 not been reported in the literature to the best of our knowledge.  Both the Nanopapers has shown 

467 excellent performance as a proton conducting electrolyte and contributed to the performance of 

468 the assembled fuel cell.  Additionally, the effect of back pressure was studied.  The high 

469 backpressure has enhanced the power output of the MEA in both cases. For example:  Nanopaper 

470 I and II exhibited the open circuit voltage (OCV) of 0.70 and 0.85 V respectively, while OCV for 

471 the commercial membrane based fuel cells such as Nafion found 0.94 V when measured under 

472 similar conditions.6  This confirms that the NOCNF Nanopaper based paper electrolyte works 

473 competently in transporting protons and blocking electrons while maintaining a very low hydrogen 

474 crossover. The probable reason for Nanopapers to demonstrate such properties is their dense and 

475 cross-linked surface topography caused by their surface functionalities (COOH and COONa). 

476

477 Figure 7(i and ii) shows the polarization curves for Nanopaper I and II. The OCV found 

478 for Nanopaper I was 0.70 V which immediately dropped to 0.60 V on increasing current, this type 

479 of behavior exhibits its activation losses during the operation. Similar trend has been reported in 

480 commercial Nafion membrane.15 In the case of Nanopaper I, a maximum power density of 1.8 mW 

481 cm−2 at a current density of 4.1 mA cm−2 was achieved when 8 psi of back pressure was applied. 
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482 A significant increment in current density to 8.9 mA cm−2 was observed when back pressure 

483 increased to 21 psi.  Notably, no OCV and power generation was observed in Nanopaper I at 0 

484 back pressure which is likely due to its low proton conductance and higher resistance which is 

485 discussed later in proton conduction section. 

486
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503

(iii)
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Nanopaper I

Page 22 of 29Sustainable Energy & Fuels



23

504 Figure 7. Polarization and power curves for (i) Nanopaper I (ii) Nanopaper II under various 

505 oxygen pressure conditions; (iii) Arrhenius plot of the conductivity of the Nanopaper I and II (at 

506 100% RH) with activation energies.

507

508 For Nanopaper II, three polarization curves were obtained at three different back pressures 

509 of 0, 8, 21 psi at operating temperature of 80 oC which is shown in Figure 7(ii). In the case of 

510 Nanopaper-II OCV measured was 0.87 V which is higher compared to Nanopaper I. The increased 

511 OCV was due to more strength and high proton conduction due to presence of highly acidic COOH 

512 groups on the surface of the nanofibers in Nanopaper II, while Nanopaper I comprised of COONa 

513 groups. The OCV for Nanopaper II remained constant at 0.87 V at all three back pressures of 0, 8 

514 and 21 psi used during the experiments. It showed maximum power densities of 4.1, 6.2 and 19.2 

515 mW cm−2 when 0, 8 and 21 psi back pressure were applied, respectively.  Highest power density 

516 of 19.1 mW cm−2 at a current density of 57.2 mA cm−2 was achieved for Nanopaper II, when 21 

517 psi of back pressure was applied. This is about 5 times higher than the power density achieved at 

518 0 psi back pressure and 3 times higher than the power density attained at 8 psi. Additionally, the 

519 maximum current density observed for Nanopaper II is about 10 times higher than maximum 

520 current density observed for Nanopaper I. The overall results indicate that the Nanopaper II shows 

521 better conductance comparison to Nanopaper I. This could be because of following reasons: (i) the 

522 presence of highly acidic -COOH groups on the surface of Nanopaper II has aided to better proton 

523 transfer, (ii)  the uniform and highly dense surface in Nanopaper II occurred by  high degree of 

524 crosslinking from -COOH groups may have accounted in preventing hydrogen gas oozing through 

525 the membrane while allowing proton migration, which resultant into a higher performance (e.g., 
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526 high OCV).59 These results fully support our hypothesis of using COOH functionalized nanopaper 

527 in PEMFC.

528

529 The high backpressure has led to high power output of the MEA in both cases which is 

530 likely due to decrease in cell ability to drain out water because of enhanced RH in cathode channel 

531 on applying high back pressure leading to high membrane water content which aids to 

532 improvement in the PEMFC performance.73 However, the OCV of Nanopaper II cell remained 

533 around 0.87 V regardless of the variation in back pressure (Figure 7 (ii)) which is 100 mV higher 

534 than the Nanopaper I based fuel cell. Notably, the fuel cell performance for Nanopaper II is 

535 significantly higher than the similar TEMPO oxidized nanofiber membrane system reported 

536 previously in the literature.13 TEMPO oxidized nanofibers based membrane possessed COONa 

537 functionality13 like Nanopaper I.  In summary, in this study we have proven that the functionality 

538 changes of COONa in Nanopaper I to COOH in Nanopaper II has tremendously improved the 

539 performance of the MEA. 

540

541 A durability measurement was performed on Nanopaper II based fuel cell at 80 °C under 

542 constant current of 11 mA and initial voltage of 0.6 V for 24 h presented in Figure S4 in Supporting 

543 Information. Only a slight cell voltage fluctuation by ±0.5 V was observed. This fluctuation could 

544 be the result of small pressure variations generally occurred during the operation. Overall, this 

545 measurement confirms the steady operation of Nanopaper II fuel cell at 80 °C and provide a new 

546 insight to substitute the synthetic membrane with a sustainable and cost-effective high-temperature 

547 Nanopaper membrane in the operation of PEMFCs.

548
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549 The slop of Arrhenius plot can be used to determine the activation energy (EA) which can 

550 provide vital information about the possible mechanism for the proton transportation. High proton 

551 conductivity of membranes plays an important role in decreasing ohmic resistance and in 

552 increasing cell performance in a fuel cell.74 Nanopaper I and II were tested at 100 % RH to 

553 investigate their proton conduction mechanism. Figure 7(iii) displays the Arrhenius plot of the 

554 conductivity for both Nanopapers measured under variable operating temperatures of 30, 45, 60 

555 and 80 °C. It was observed that with increase in temperature from 30 to 80 °C, the conductivity of 

556 Nanopaper I and II increased from 1.4 to 10.4 mS cm-1 and from 2.2 to 14.6 mS cm-1, respectively.  

557 The slope from a linear fit of the data points allows EA of proton conduction to be calculated. In 

558 the literature, two mechanisms: vehicular and Grotthuss have been described to explain the proton 

559 transport in humidified conditions through the membrane.59 The vehicular mechanism involves 

560 the transport of a charge by hydronium ion that generally owe to higher  EA. While Grotthus 

561 mechanism describes the transport of proton through the bonding and de-bonding in a hydrogen 

562 bonded network, hence leads to low EA. In present study, Nanopaper I and II have shown EA of 

563 0.36 and 0.33 eV, respectively. While the Nanopaper from CNC and TEMPO oxidized nanofibers 

564 reported earlier have shown EA of 0.21 and 0.24 eV 13 and Nafion shows EA of 0.16 eV Nafion 

565 follows Grotthus like proton transport where it supports proton transport through a complete 

566 hydrogen bonding network.13 The EA measurements indicate that Nanopaper II has better hydrogen 

567 bonded ion conduction networks causing more facile proton conduction because of the presence 

568 of COOH functionality. The above results indicate that NOCNF based Nanopaper are viable and 

569 sustainable development for PEM fuel cell. As described, the Nanopapers used in this study are 

570 derived from NOCNF which is extracted using Nitro-oxidation method. Nitro-oxidation is highly 

571 efficient in generating negative surface charge on fibers which owe to nanofibers with ample 
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572 amount of polyelectrolyte polymeric chains having COOH groups. This way NOCNF offer 

573 alternatives to synthetic PEM fuel cell membranes (e.g., Nafion) for membrane design. 

574

575 Conclusions

576

577 Plant-based nanocellulose were extracted from jute fibers using simple, cost-effective and 

578 less chemically oriented pathway ‘Nitro-oxidation’ approach and further two Nanopapers with 

579 different functionalities of COONa (Nanopaper I) and COOH (Nanopaper II) were fabricated. 

580 These Nanopapers displayed proton conductivity that is highly dependent on surface functionality 

581 and temperature. Among two Nanopapers, the Nanopaper II has presented better proton 

582 conduction and fuel cell performance. This is attributed to highly acidic -COOH groups which has 

583 not only served as a proton donor/charge carrier but also provided dense and strong structure to 

584 Nanopaper through crosslinking of nanofibers by numerous hydrogen bonding interactions. The 

585 maximum conductivity observed for Nanopaper II was 14.6 mS cm-1 at 80 °C (at 100% RH). The 

586 higher conductivity in Nanopaper II even at high temperature (80 °C) is ascribed to COOH groups 

587 introduced during the nitro-oxidation that acted as a charge carrier. Fuel cells utilizing NOCNF 

588 Nanopapers were fabricated and tested at 80 °C and 100% RH using hydrogen fuel. As expected, 

589 because of the higher conductivity, dense surface, hydrophilicity and tensile strength, fuel cells 

590 incorporating Nanopaper II displayed good performance with power density of 19.1 mW cm−2 

591 than Nanopaper I which has exhibited power density of 5.8 mA cm−2. Durability test on Nanopaper 

592 II confirms its stability in fuel cell operation at 80 °C for 24 h.  These results show that nitro-

593 oxidized nanocellulose paper can be applied as a sustainable, environment-friendly, and 
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594 inexpensive source to fabricate the high-temperature ionomer membranes useful in 

595 electrochemical devices (e.g., fuel cell). 

596
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