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CCVD method has high level of controllability of NT structure
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The NNI Vision and
Background

A future in which the ability to understand and
control matter at the nanoscale leads to a revolution
in technology and industry that benefits society.

A government initiative, representing a
priority area for investment and
activity, but not a distinct funding
program with separate budget
authority

————
i
Total investments now ~$1.7 billion “
annually across 15 Federal
department and agency units, with ‘ —
another 12 participating in the NNI

From NNI strategy report 2015
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i Cili 7= K H 1o, RETIET /2 W —AR U THHRIZ DLC #X—R & L) /g%
il L C RO BRI FTREZ2 T/ 1 — R U & Ak L. RO BT 3 % 3k 7 & HEStE L
Too REME LT, EFET/ U —R RO YRR & LT, 1EROITER PA I/ i
RO TV D, ZAER Y ~—SEBUTE BRI RTRE & 92 B U5l 0 ik, Fii T,
EDEEM~DTF 7 T =R NEDORETTVEZ AT 5, B IZ, Bk L 72IROL P E X
O R, B KRR A5 RS S W TS T 2,

22 FEBRTIE
22.1

Gk T 774 b2 =07y NI, () BB oOEME Y T 774 b (W -
99.999 %) ZfEJH L7z, BYBAT 21T, MBEE#E (BR) #o Ar (G3). CHs (G1). N, (G1)
EH Uz, KRFEEMICIE, AlfaLaval DSS DL LB AR U A /L7 > (Polysulfone, PSU)
FHHFED GR4OPP 2 L7=, AU =L U R (Polyvinylpyrrolidone, PVP) ¥k
X, BET7 AV SREMEE (BK) K30 ZfH L, =% ) — (Ftk) 13, T H T4
FAY (BR) WA Lz, ¥k b Y v a GElEE >99.5%), wHEHERT U A
KIER (CENEFRIEE >5.0%) 1%, BRI () ®AefHLx,

222 HfE

T =R UEORIE TR A Fig. 2.1 1277, TRIL, REL 2205052 EMRT
X, 1 OHIC, EEREATRE e A ER & LT, KR~ PVP 3R & O T it fE
Da—7 47, 2-5HIE, HIPIMS (High Power Impulse Magnetron Sputtering) (2 5
=R ARy X TdhDb, 1 DD TRICHWD, PVPIRKEORE kL LT, PVP K
KaK:xH 7 —v (IKFEH 2:8) DIRAWIZ PVP 3 10 wt% & 725 K 9 ICIRfiE S ¥ 7,
% F'E PSU JA4 (59 500 X500 mm) X4 7 ARICKE T — 7 CTHEHE LI, 2—T 1~
THEE, N—a—TF 7 (BN Smm OF T A4E) OEFET, LU PSU EHIC
PVP iz T L. %5y D PVP iK%z FEITHIS % Lz, £D%, R Tk LE
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H 10 FFFIZR S B L 25 PVP 2 a—T7 1 U 7 LT, 2 DHOITREL LT, 12
H o TR CHfH L7 HPEE 2 H 9 2% PSU EM OXKEIZ HIPIMS (2T, [Ek7 T 7 7 A
hNF—2Fy NEARHZ YT U ) =R UEERIEE L=, ARy X U v 7 I,
piEEEE (ICF-500SHp, 7/ 7 > 7 (BR) #) (2T, J&¥# 1.5 kHz, Duty %1 7 /v
e 25%ERE LT, £ AR FERE LTHWDOEIRS T 7 7 A4 &2 —7 v M,
PSU St/ & 142 mm BN 2L ICHE LTz, A%y 2 AT, Ar, CHay Np ZAE
L. Table2.1 IZ/”"T 4 DOFEMTHEM LT, BEEIZ, ®ERHLZEIE, EZ 30+
2nm 725 KO L7z (OO AT 2 O, 25+2nm THRIE) , <
Ny Z Y o7 KR, oA ERV L, K= 7 — (1:1) OREAIKIZ
1 REfEIR L, BB CH D PVP ZfrE LTz,

1. PSU porous 2. PVP solution 3. PVP sacrificial layer

membrane coating drying

- “.““ ““-“‘-‘-“

4. Carbon layer formation 5. Sacrificial layer dissolving 6. Pure carbon thin film on porous

by sputtering/plasma substrate membrane

Lebe O
| e I ; £
.—:" .

Fig. 2.1 Steps for the nanocarbon membrane fabrication, which included the coating of PVP
solution for sacrificial layer formation on porous PSU substrate, followed by sputtered carbon

deposition and sacrificial layer removal by ethanol:water mixture.



Table 2.1 75 FE LB SR 1

Component gas
proportion Peak target WA:teraf;er Deposition | Deposition
Sample (vol%) power density & p, pressure time
P density
(W cm™) - (Pa) (sec)
Ar N, | CH, (Wem™)
Ar 100 - - 2.09 0.24 0.35 1380
Ar:CH, 92 - 8 8.47 0.65 0.38 160
Ar:N, 50 50 - 1.14 0.09 0.61 825
Ar:N,:CH, 48 48 4 291 0.23 0.64 315

Fig.22 13, A v X2 —7 (DSO-X2012A, Agilent Technologies InfiniVision #) (2T
i U7e, & 0 A5 T & 2 MR O Bt i OVEED SV A &4, IRET D0
AEMEDENZ LY | BRBEICREREVRDH D Z EARENT, £/, Fig. 2.3 1%
HEH AL T COMPLR DT T X FIALT MV ERT, BARHIE, 7 74 "—%
ML TR (USB2000+ spectrometer, Ocean Optics $) Z i fl L CHUS L7-, B S
NIE—21Z NIST 7 —# _X—=2WZZ L A7 FLRINT L > THA L7z, N, D
BV AT, CHy OEVIAH LWL T, 7T X~vTawAIc L ZL< DA F %
Rl SHD 2 &Rk,
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Fig. 2.2 Voltage and current pulses for HiPIMS process, for all the gas mixtures used. The signals

reveal a substantial difference in average power for current (and thus ionized particles) density.
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Fig. 2.3 VIS-NIR spectra of the plasma chamber with different gases.
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METS AT & LC, AEARE T-BHMSE (SEM, SUS000 FE-SEM, (#%) H It A 7 7 #l)
BLOFEFMABEMEE (AFM, AFM 5500, 7L > b« 77 7 ao—H) (2 TR L
7o, FEWAE PEMEE (TEM, JEM2100F HR-TEM, HAFE T () ) 1%, KBr
FZF =AU/ E L KBr Zidf S, 7/ W—R DB % TEM 77U v R

ICHRB L B LT, A A=V 0 7 X BOLEF o HTEEE (XPS, Axis-Ultra, Kratos f4)

BLO, 7~ r5)tEt (In-Via microscope, Renishaw . L ——3¢J§ : 532 nm) %
J Y R—=7Si (100) 7z — kil h—RUBEZREE L, o Lz, £72, BEs
B - 77— U =2 WaRA 5 6 (ATR-FTIR, Nicolet 6700 FT-IR, Thermo Scientific #)
& KBr fiidt LT U — AR 2 R LT L7z, &)L — k51 (EELS)
X, TEM & & BICfifpr Lz, BEREIE, X MK #E (XRR, SmartLab, (k) U 47~
B) 2T, Si Ve n—EDF ) =R UER T LT, Stk A RlE R, Sl
EHEE  (DSA30, KriissDrop Shape Analyzer ) 12T, Si 7 =/— EDF /I —R UJEIC
L, KEZF L7V a— Lol f 2Bl Uiz, BooBERIEREAL & L.
Fig. 2.4 IR T ERER O/ 0 27 10— A7 KM TRl L7z, A7 v L 28 (F
PHIEETHEAE - 2.27 cm?) RGNV L7e ) ) — R U IR ARRE L, BEE )% 1.0~5.0
MPa |2 C i L7, HHAaTEEIT, 300 mL - min! Z#ERF L7225 550 Lz,
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Fig. 2.4 Scheme of cross-flow system used for water permeation and rejection tests on nanocarbon
membranes. The scheme displays the membrane module, and a cross section description of

membrane configuration.

SEAMICAE ] L 72 NaCl 2B 1L, 0.2 wt%3 KO8 3.5 wt% lSFisE Uiz, RO SBERE & L
T, BARMER L OEHERRME 2 Wil U=, /KPR, BT O#REIE IS 1) 5 I5A 2h il
WX LT, AR H72 0 OF KR EEZRE L, ko (1) IZTEHE L,

AV

] —_— A—At e o o (l)
ZZTC, JIEHEE R CTHEALL L c m? - hour', AVIEEBEAK DK, A IXEOE DN
FE. AtTHERRTH 5,
WEPERRMEIL, EEERE (LAQUAact ES-71, (Bk) $HZRUERTRD |2 TR (BHAMD &
X OBRKOEBERZZNETNHE L, RoOX (2) ITTHE L,
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Fig. 2.5 Simulated annealing profile for DLC molecular models.
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Fig. 2.6 (a) Detail of PVP coating of porous PSU membrane, as sacrificial layer for nanocarbon
membranes formation by carbon sputtering. (b-e) SEM micrographs of PSU substrate membrane
before and after PVP coating, where the effect of creating a uniform surface for carbon layer
deposition can be observed. (f) SEM micrographs of electrospun PVDF fibrous membrane, where

the difference of carbon layer formation in function of PVP coating can be seen.
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Fig. 2.7 (a) SEM micrographs of sputtered nanocarbon membranes on PSU porous support,
including membranes prepared by (Ar, N, and CHa), (Ar and N»), (Ar and CHs) and (Ar) as
sputtering gas. (b) Atomic force microscopy analysis of carbon films deposited on Si, by the
different sputter gas mixtures. The topography and phase images are shown, along with the

roughness value.
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Fig. 2.8 (a) TEM micrographs for the sputtered nanocarbon membrane samples using different
gas mixtures. (b) EELS spectra in the carbon K-edge region, for the studied carbon membranes.
The dotted vertical lines depict the energy loss for 1s to n* and 1s to o* peaks. (c) Calculated

(sp?) (100) / (sp* + sp?) ratios from EELS n* and c* peaks.
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Fig. 2.9 XPS spectra for sputtered nanocarbon membranes, produced with different gas mixtures.

The C 1s, N 1s and O 1s peaks are shown, including their atomic percentage of total composition,

and a deconvolution for general chemical species identification.
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Fig. 2.10 Model chemical structures corresponding to each region as identified in XPS spectra:

RC1, RC2 and RC3 for C 1s, RN1 and RN2 for N 1s, and RO1, RO2 for O 1s.
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Fig. 2.11 (a) Visible Raman spectra for nanocarbon based membranes, with deconvoluted D and

G bands, and changes in (b) ID/IG ratios, (¢) D and G band position shiftings.
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Fig. 2.12 ATR-FT-IR spectra for nanocarbon film samples. The shadowed areas correspond to
characteristic functional groups fingerprints, related with their different chemical composition

and thus, with properties such as water permeability.
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Fig. 2.13 (a) Pure water contact angle photographs for the nanocarbon films deposited on Si

wafers, with their corresponding angle value. (b) Surface energy scheme, where the total energy

is shown with its polar and dispersive components for each type of carbon layer.
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Fig. 2.14 Comparative of salt rejection performance and permeance for nanocarbon membranes
produced by different sputter gas mixtures. The tests were performed in cross-flow desalination

test system, using 0.2 wt% NacCl saline water operating at 3.0 MPa.
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Fig. 2.15 Permeate flux and water desalination performance plots, for nanocarbon membranes
deposited using Ar:N,:CH4 (30 nm thickness). The results are shown for contrasting permeation
for pure and concentrated saline water (0.2 and 3.5 wt% NaCl), and their corresponding salt

rejection rates, in function of pressure under cross-flow tests. The segmented lines are used as an

eye-guide.
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Fig. 2.16 Permeate flux and salt rejection plots for nanocarbon membrane produced using

Ar:N>:CH4 mixture, with 25 nm thickness.
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Fig. 2.17 Salt rejection changes in function of changes in feed flux (flux on top of membrane
during cross-flow experiments using 3.5 wt.% NaCl water). The plot depicts the normalized

rejection with respect to the highest value averaged at the highest feed flux (270 mL * min™).
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Fig. 2.18 Comparative chart of previous carbon based membranes for RO, where the water
permeation and rejection performance can be compared with our NC-based membranes results,
for different water salinities (NaCl), and normalized permeate flux. The value in parenthesis

corresponds to the pressure used for the reported rejection and permeate flux measurements.
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Fig. 2.19 Salt rejection performance degradation by NaClO exposure. The plots show the
degradation as function of nitrogen concentration for tests made on Ar:N2:CH4 nanocarbon based
membrane. The related permeate flux is also shown. Note that performance for tests on
nanocarbon based membranes with nitrogen concentrations above a threshold of 16 vol% (in
sputter gas mixture) resulted in very high flux and reduced salt rejections, due to highly damaged

carbon membrane.
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Fig. 2.20 a-C cells constructed using Tersoff potential and simulated annealing. The cells are made
of pure carbon atoms (represented as a gray sticks) and different concentrations of nitrogen (11
at% and 22 at%, represented as blue sticks). The middle and bottom cells show volumetric

surfaces representing the pores within a-C structure, seen as cyan blobs.
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Fig. 2.21 XRR plots for the nanocarbon membranes produced under different sputter gas mixtures.

The resulting density from reflectograms fitting is indicated for each case.
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Fig. 3.1 Scheme of the laboratory-scale cross-flow setup used for a-C based membranes
compaction and test. The membrane was placed on a cell where a hydraulic ransmembrane

pressure of 5.5 MPa was used during compaction and desalination phases.

D 7y BERF I I, NaCl J2EE 3.2 wt% (EUg/K A2 e L7 . EEIT 5.5
MPa (2 CTiT o7z, BAVEIL, FTE OFRIEEICE TIRO AR RIS LT, AR S
720 oFBEEEHE L, koK (1) ITTHELE,

AV
T AAt

I, JITEEE THEALL L e m? - hour!, AVIIKDOFE BN, A IXEOE R
., At TRERFTH 5, HEPERRMEIT, EEFRF (LAQUAact ES-71, (#F) HHIGHRUE

61



i) I CFR (BERRED B X O@EERoEEREZERHE L, koX (2) 12T
HE LT,

R=( —C—”)100 NG

Cr
ZZC, RIZEHEBRFBOHN X%, CIIHBIRIERE ., CGIIFRERETH 5, FHilit
W EHERRRIL. TN n=3~5 OFEHTHY . B, WRERNLE L L X

(ZHE & S LTz,

324 ¥Ial—var

JEffE Sz a-C:N #iE &2 XV L <9272, LAMMPS =2 — REEH LT, 4
T F MD) vIalb—varaEElle, PRV IalL—va T 2 DO
Fha =y bz, TNENEM: a-C L2k a-C (a-C:N), ¥ 1 Xidx,y,z
FNEIN2.0X2.0X2.0nm EFRE L7, (Fig. 3.2 Z&M) Z O&/IZIE 994 # O R FEH
FREENTEY, ZOFD 10%PKFRFTH D, a-CN /L, ERFEFOEGHE
Z 20 %LEE L, 2 DOEBAD sp? IR OBIGHRT L. BABDBRRBFRA O
50%IZHEE LTz, K alb—a s TE, X TORFZ A 72 LAMMPS /3y 7 —
CHNTHEEINTWSD Reax / CXT ATy v EFHLE, v Iab—va T
NEIE 2 BEpEtE R C b D, 9, IS O R L ¥ —% 1.0X10°Kcal * mole”! + A £ T
B/MET D721, I FEMEREZ 2 TOR/IZFET LT, BEOZ R LF—DHK/Mb
ZFEML7%. NVT 7 >4 2 7L FD Nose-Hoover iE& LT, 10K 2°5 300K F
THALAT T 50psiZC, T=—V v Ialb—yaraF L, &E&IZ, a-
C&/L% 300K T 50ps fREFL TH2 5, VMD A[#{L&IHT Y 7 MTHAAENT-T v 2
U X LT AR E N7 a-C BV =D C-C X7 OB A7 B%k (Radial distribution function,
RDF) ZEtHE L7z, U

OEIZ, a-C BEL W a-CN BILNDOKS T OFEEILT & LR LT, (RFEFE 1%

ED 10at%) Z D%, 300K T200ps DMD ¥ 2 b— g vV EEfT L7z, MDY =

62



L=y a YR TH, MUY 7 A v E W, BRERFOMBEZE=5— L, KoFOFH

B ZFEH L, KO "I (Mean square displacement, MSD) %, kD= (3)

TRHE LT,

MDS = =30 [17,(6) = 7 (0] G)

2T, NiZaC v NOKGFE, nidlticB 52T LOMETHS, FHiT,
MSD 7'u v kb (FEBfED 3 vs. BF[E) OAENG ., IEHERE (Diffusion coefficient, D)

PEXH L,

ocC @N H

Fig. 3.2 Molecular models of a-C (a, b) and nitrogenated a-C (c, d) used for compaction simulation

The original size of the cubic cells is 2.0 nm each side. The compaction process was simulated as

a reduction of 15 % in volume on the z dimension (from 2.0 to 1.7 nm).
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Table 3.1 Salt rejection and water permeability results for a-C and a-C:N, before and after

compaction process.

NaCl rejection LT
Membrane o Permeation
& (L - m2 - hour")
No compacted 0.0 130.0
a-C
Compacted 7.4 28.5
No compacted 96.5 9.5
a-C:N
Compacted 97.6 10.6
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d) a-C:N compacted

W psu supp.u;.vrt Lo 3T !
* membrane :
v

-

Fig. 3.3 SEM images of carbon-based membranes. Images (a) and (c) show top views for the a-C
membranes before and after compaction, respectively, whereas (b) and (e) show the same for a-
C:N based membranes. (e-f) display side views for a-C and a-C:N membranes respectively, where

the PSU porous support can be visualized.

Fig. 3.4 I%, [EM§RI# O a-C PEE L WV a-C: N D TEM Efg %z~ LT\ 5, Fig.3.4a.c,e
BLO g 0EIL, FREIOHEE LR L, Fig.3.4b,df B X O h 1L, BfS L7= TEM [
ZERAEE LG, EfrANZ — &R, (Imagel™Y 7 Mo =T 2L, FEEsn
TWhER 7 — Y =254 (Fast fourier transform, FFT) |2 X > T % L7-), TEM g
R0 EMERTEOWT ORI I T b P il S ABIE ST, £72. FERIC
ST DEWTRE—0ThH, TENLT 7 AEE TR TR DO/ a— 2 — U RBEE S
77
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¢) a-C compacted d) a-C compacted

h) a-C:N compacted

Fig. 3.4 TEM images of a-C before (a) and after (c) compaction, and for a-C:N before (e) and
after (g) compaction. The corresponding images to the right (b, d, f, and g) show the FFT
simulated diffraction patterns, where the halos can indicate changes in the interstitial spacing due

to the membrane compaction process.
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a)

Normal a-C

Normal a-C:N

Compacted
a-C:N |

Intensity [arb. units]

-1.0 -0.5 0.0 0.5 1.0
Relative length

Fig. 3.5 Intensity profiles taken on the FFT calculated patterns, from the TEM images shown in
figure 3.4. The profiles correspond to the intensity profile along the dashed yellow line as pictured
in the inset. The top plots (a) correspond to the a-C membranes, before (red) and after (blue)
compaction, whereas the bottom (b) plots correspond to the a-C:N membranes. The pink central
shaded areas represent the space between the intensity peaks for uncompacted membranes, and

the blue shades show the increment in spacing (reciprocal space) due to the compaction process.
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Fig.3.6 [T, MD ¥ X = L—¥ 3 » L7z HiffiZp a-C B8 L WM a-C: N &/LD RDF 2/~
RDF OF R, EM7mE AORME THEmML, K% 15 % e EIELD
CClEBEOEMMEHA Lz, R LT ay NIV 1L4M4AFED AL o E— T 130 E
LIRE L REREME RS T, EHOOEALTOETIBE X 5, ZhUd, WA
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Fig. 3.6 Radial distribution functions (RDF) for the simple (a-C) and nitrogenated (a-C:N)

amorphous carbon cells. The RDFs are plotted for both structures, before (solid lines) and after
(dotted lines) compaction of 15% in volume (see Fig. 3.2), calculated as C-C pair distribution

functions.

ZRIC B2 hb 5. Fig 3.7 IR & 910, BT 71 AT Lo THER S =Ko
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W Lic, —J7, a-C: NOHA, DIFHK46% (329X10%cm?/s 725 1.78X10° cm? /s
W22k E7podz, Fo. FHFEMIRETH H54KFD a-C : N D D (3.29X10° cm? / s)
IXa-C DD (3.03X10°cm?/s) LV, DTNTEWNWI L HIEFEHTRELATHDH, T
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L—2 g 0285 D OEWVWEGIAT 5, FEBRAICREL a-C KX, ¥ Iab—3
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Fig. 3.7 Mean squared displacement (MSD) for water in a-C and (nitrogenated) a-C:N. The plots
are shown for cells in a normal and compact state. The water diffusivity, calculated as the slope
of the MSD plot, indicates a larger difference between normal and compacted state for the a-C:N

cell, compared with the difference shown by plain a-C cell.
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Fig. 4.1 Scheme and details of CNTs / PP spacer prepared by injection.
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Fig. 4.2 Optical microscopy image of (a) CNTs / PP nanocomposite feed spacer, (b) permeate
collector spacer, (c) acrylic transparent cell, and (d) cross-flow fouling tests system of the spacers

using fluorescence microscope for in situ observation.
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Fig. 4.3 (a) Samples of the PP and CNTs / PP nanocomposite feed spacers. Optical microscopy
images of (b) PP and (c) 15 wt% CNTs / PP with cross-sectional images. SEM images of the cross
sections of (d) PP and (e) 15 wt% CNTs / PP. (f) Optical microscopy image of the PP surface.
(g)Topography obtained by laser confocal microscopy. (h) Optical microscopy image of the 15
wt % CNTs /PP spacer surface. (i) Topography obtained by laser confocal microscopy. Wide-
angle X-ray scattering (WAXS) patterns of the (j) plain PP spacer and (k) 15 wt% CNTs / PP
spacer. The insets show the two-dimensional (2D) scattering pattern, where a clear biaxial

orientation can be seen.
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Fig. 4.4 Small angle X-ray scattering patterns of the a) plain PP matrix and b) 15 wt % CNTs /PP

composite.
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Fig. 4.5 Molecular dynamics simulation of the mobility of the PP matrix. a) CNTs / PP model.

A three-layer graphene at the bottom of the polypropylene layer represents the outer walls of the

CNTs, b) bulk PP.
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Fig. 4.6 Verification of the absence of quenching of fluorescence in plain PP and 15wt% CNTs /
PP nanocomposite feed spacers (organic foulant: FITC-BSA). Images correspond to optical (a, c)
and fluorescence microscopy (b, d) images with time for the droplet on the spacer, respectively

(FITC-BSA solution: 8 pL).
F7-. BINFERE LTHEM L7, PPB L5 wt% CNTs / PP #EHAEM OFHEIZ 100~

400 ppm [ZFH4E L 7= FITC-BSA ¥k 2 N L7-fE R % Fig. 4.7 1R, fERIT. BSA I
JE & TR O BIGRSE AR TR T X 72,

85
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Fig. 4.7 BSA concentration dependency on brightness on PP and CNTs/PP plates

(FITC-BSA solution: 8 pl).
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Fig. 4.8 SEM, optical, and fluorescence images of the surfaces of PP and different CNTs / PP
nanocomposite feed spacers before and after 144 h of BSA fouling test. Arrows indicate the spacer

thread main axis.
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Fig. 4.9 (a) Fluorescence microscopy images of PP and CNTs/PP nanocomposite spacers observed
in the cross-flow fouling test using organic foulant (BSA) stained by FITC with time. (b) Intensity
of the fluorescence from the spacer surface are plotted for each spacer as a function of fouling

time.
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Fig. 4.10 Optical and fluorescence images for the surfaces of PP and 15wt% CNTs/PP composite

feed spacers without membrane at the beginning and after 144 h of cross-flow filtration.
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Fig. 4.11 (-Potential of various feed spacers (plain PP, 5, 10 and 15 wt % CNTs/PP) measured

(each 2 points) as a function of pH.
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Fig. 4.12 Molecular dynamics snapshots of (a) BSA-on-PP and (b) BSA-on-CNTs/PP models. (c)
Contact surface area evolution between BSA and the two spacer models. (d) Interaction energies
between PP and CNTs/PP and water (solid lines) and PP and CNTs/PP and BSA (dotted lines).

Visualization of the surface-bound water layer on (e) plain PP and (f) CNTs/PP model.
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Fig. 4.13 Laser scanning microscope images for the surface of (a) 15 wt.% CNTs/PP and (b) plain

PP feed spacer.
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Fig. 4.14 Contact angle data of the surface of plain PP and 15 wt% CNT/PP composite feed spacer.
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