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(g) AgGO-COOH-NHj; (h) CuGO-O-NHs; (i) CuGO-OH-NH3; (j) CuGO-COOH-NH;

Fig. 1. Related model diagrams before optimization: (a) G-NHj; (b) GO-O-NHj; (¢) GO-OH-NH;3; (d) GO-COOH-NHj; (e) AgGO-
O-NHg; (f) AgGO-OH-NH;; (g) AgGO-COOH-NHj; (h) CuGO-O-NHs; (i) CuGO-OH-NH;; (j) CuGO-COOH-NH;.
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Fig. 2. Top and side views of optimized G and GO with different oxygen-containing groups adsorbing NHj: (a) G-NHj; (b) GO-O-

NH;; (¢) GO-OH-NH;; (d) GO-COOH-NH;,

#£1 GHSTARFESEILAN GO WM NH; BJLAZ%. C1, C2 F1 C3 N 5& I AE R FGE N = MR IET; DE

N e

Table 1. Structural parameters of G and GO with different oxygen-containing groups adsorbing NHj: C1, C2, and C3 are

the three nearest carbon atoms connected to the oxygen-containing group; D represents the adsorption distance.

Bond angles/(°)

Species D/A
C1-C2 C2-C3 C3-C1
G-NH; 120.06 119.98 119.94 3.24 (N—C)
GO-O-NH; 118.75 118.19 118.17 2.28 (H—O)
GO-OH-NH; 112.95 112.72 112.77 1.80 (N—H)
GO-COOH-NH, 119.57 — — 2.44 (H—O)
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a) G-NHy; (b) GO-O-NHy; (c) GO-OH-NH,; (

Fig. 3. Total charge density of G and GO with different oxygen-containing groups adsorbing NHj (The isosurface value is 0.2):

(a) G-NH,; (b) GO-O-NHj; (¢) GO-OH-NHy; (d) GO-COOH-NH,,

() (d)

& B

:

4 GRS A AR & AR 1 GO W N, #4922 43 1 7 %5 BE 8] (SF{E T4 0.05)  (a) G-NHg; (b) GO-O-NHy; (¢) GO-OH-NHy;

(d) GO-COOH-NH,

Fig. 4. Charge density difference of G and GO with different oxygen-containing groups adsorbing NH; (The isosurface value is 0.05):

(a) G-NHj; (b) GO-O-NHj; (¢) GO-OH-NHj; (d) GO-COOH-NH;.

#£2  GHSAERFEGEILIN GO W NH, B RE AN 1015 e

Table 2. Adsorption energy and Mulliken charge of G and GO with different oxygen-containing groups adsorbing NHj.
Mulliken charge/e
System EaaseV
C1 C2 C3 NH,

G-NH; 0.013 0.004 -0.039 0.022 -0.15
GO-0O-NH; 0.112 0.024 0.026 0.005 -0.11
GO-OH-NH, 0.004 -0.035 0.006 0.078 —0.60
GO-COOH-NH; 0.125 -0.016 — 0.036 -0.17
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(a) G; (b) GO-0O; (¢) GO-OH; (d) GO-COOH

Fig. 5. Band structures of G and GO: (a) G; (b) GO-O; (¢) GO-OH; (d) GO-COOH.
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(a) G-NHy; (b) GO-O-NH,; (c) GO-OH-NH;; (d) GO-COOH-NH,

Fig. 6. Density of states of G and GO adsorbing NHj: (a) G-NHj; (b) GO-O-NHj; (c) GO-OH-NH;; (d) GO-COOH-NH;.
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NH; 70778 4 7524k, 1 G A GO W 784 /1
HA, B G A GO H A8 3 NH; . BT
IR/ T R SR . PSR SER R, 7E GO
X NH; #9 W R R v, 52 2 R 500 #) % A
F1, FRIELUCZ, T ER A FEIA B R BE ) 5.

3.2 Agi5Z GO Rkt NH, B9 JL {452 Fn
BTFSE

Xt A AR E AR A GO T Ag B4R, IF
RGHBIESE T B2 005 HXF NH; 43 10 fEALEL.
HANL T A i@ GO-O-NH;, GO-OH-
NH; Al GO-COOH-NH, i [f—{ &Y C JE T
ek Ag 5T, 535 T AgGO-O-NH;, AgGO-
OH-NH; f1 AgGO-COOH-NH, #81, & 7 /R T
25 UL G 9 GO 1 AgGO W [ NH; #41F
ME, B 7(a)—(c) 5B 7(d)—(f) 5308 Ag B2
AIJE GO MYIRALE . Ead e B, B 7(a)—(c)
BT NH; 430 ) T 5830 & AU, B2
HIH GO %I NH; 19 0% B il 32 2008 % UL i
TEIE 7(d)—(f) H, FTA NH; 43116 B A2 A
RS DA B ) Ag JRTHENT, KW AgGO
Hf Ag JFFXT NH, 50F-EL A S8 4 0 R .

323 G5 T T AgGO M BRI i 1 A
KSR, LG W B IR B L A A B RN B BB

PFrig B BR s &k B, Ag 8245, NH; 4> T T 5
AgGO Ty Ag JEFHefil, AN & 5 & AL A
HAARTTE, JLA AgGO W NH; i, N 75 Ag
R B T B ok 2.29 A, P Ag JFET1E W
SRR 3 A, I B SR A R
BAAEFH. 76 WLEE L 17 5 7% 5 W R i 22 B) 9 DG R I
R NH; 70 FH i Z i AT B I AN RS R4
FAWEWMEE. B, 5% 3 4, AgGO-O-NH,
Hh NH, 4> T B HL AT B & (0.171e) fek, {HIELIZ
FfERE M-1.25 eV, Ik T AgGO-COOH-NH; 11
it (-1.39 eV). 4P, AgGO-COOH-NH; H Ag Ji
TR RN -0.082¢, BT AgGO-O-NH,
 Ag RIS i (-0.038¢). HLAR AgGO-
O-NH; #l AgGO-COOH-NH, 1 NH; 43 7 1Y
Ty % B B JLF-#HIE] (43500 0.171e 1 0.170¢), 15
AgGO-COOH-NH; 1 W [t g (—1.39 eV) W] i /&
T AgGO-O-NH; 1YW i & (-1.25 eV). iX K HITE
W B AR, Ag IR be B AU A B A TR A A
. AEZET, Ag 7824 i LA, NH; /R4 H
T2k, FEREE MM Ag JEF 5 2] NH; 43
¥ 7€ AgGO-OH-NH; 1, Ag J5i+ Y HLfr i % i
(-0.033¢) ik T AgGO-O-NH,(-0.038¢), Tfii AgGO-
OH-NH; 1MW FHHE (-1.26 V) L= T AgGO-O-
NH;3(-1.25 eV). RIFE Ag J5+ Y HL fif % % 1t AH
IERTEOL T, S A AT 2 58 n W B e AR ik 2 52
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K7 bR SRR & SRR AgGO 1 GO W FF NH, BORFHLE]

O-NH,; () AgGO-OH-NH,; (f) AgGO-COOH-NH,

(a) GO-O-NHj; (b) GO-OH-NHy; (¢) GO-COOH-NHy; (d) AgGO-

Fig. 7. Top views of optimized AgGO and GO with different oxygen-containing groups adsorbing NHj: (a) GO-O-NHj; (b) GO-OH-
NH;; (c) GO-COOH-NH;3; (d) AgGO-O-NHj; (e) AgGO-OH-NH;; (f) AgGO-COOH-NH;.

M. PR T SCAT T, FRBE AR B RE O B B AR T R AU,
XAE—EREE BT AgGO-OH-NH; AW aE
W% =T AgGO-O-NH; i JRA . 25 LRk, nl Lifs
HZ5IR, AgGO MK BESZ & LA Ag I 711
MR S, N 3 TR, Ag BARAER &
PR R RGN IR, HE1T Ag 495, GO-O-NH,
1 GO-COOH-NH; 1 W B fig 474 s 17 — A%k
2%, i GO-OH-NH; FyME eI B2 = T 29 2 /5. X
AR Ag BLAT LU U3k AT B 5 9 IR AR
1M Ag 522 R BERE A6, 51 AT 2 1
B, AR TSR MR .

* 3 HAARIEE LN AgGO FI GO WK NH; /Y
WREE RS D, AT RS Q FIKKTAE B4

Table 3.  Adsorption distance D, charge transfer @, and
adsorption energy F,4 of AgGO and GO with different

oxygen-containing groups adsorbing NHj.

) Qfe
Species D/A E,q/eV
NH; Ag
GO-O-NH;3 2.28 (H-O)  0.005 — —0.11
AgGO-O-NH; 2.29 (N-Ag) 0.171 -0.038 -1.25
GO-OH-NH; 1.80 (N-H) 0.078 — -0.60
AgGO-OH-NH; 229 (N-Ag) 0.160 0.033 1.26
GO-COOH-NH,  2.44 (H-O) 0036 — 017

AgGO-COOH-NH; 229 (N-Ag) 0.170 -0.082 -1.39

Bl 8(a)—(c) BN T Ag BAUGEREH DOS 48
b, 76 3% K BE S P 25 T DLW 2% 31 B & 1Y DOS
Ak, R Ag B2A7 B THE R RGN NH; 1M
PERE. Rl 8(c) H, TEOKBEZPM YA AL T
W, £ Ag B2 AgGO-COOH fig i & 15
XF NHs 4> F WS RE 53¢ 3 i i RE$2 =5 i

gER—3 & 8(d)—(f) A1l 8(g)—(i) BIFE T Ag R
T NH; 707 N I ER &% (PDOS),
A BT A B NH, 43 T5 AgGO M+ H.AE
FH. ARHEIE 8(d)—(f) A1 8(g)—(1) P E2nRAIES,
A LLREEE] Ag JHF R N JEF1 s, p Al d BB
RIS, B Ag JE A N R T2 [aJE
TR FEE, XWIUESE T Ag TS5 N T2 8 f77E
BOR PR EAE L, MRS T Ag Ba%)5 R Gkt
eSS 1Y LA

it LB AR R GO, & BLAE W fff NH,
SrFEE, Ag [R5 N R Z AR ER A B A
H. EBRERRS T, Ag R T 1M FHE I &
T GO iy & AL, 5 B0 M fig &k A i 25 A8
fk. )\ DOS F1 PDOS 1 BEfFRE T 7= A X Az £k
MR Ag I FAEM M 5 N EFIER T
SEHE, R GEE R EINESE . AL, R AR &R
b, NRE SRR 5 i far e 8 St S iR SF 2k e ) A
4, AW B RE A /N2 Z2 PR 2 2 ] s

3.3 Ag ¥ CuisZ: GO WL NH; AIELE

¥ AgGO BRI Y Ag Il T4 Cu Ji T+,
AT Cu B4 GO MY, 4rhilar 44 CuGO-
O-NH,, CuGO-OH-NH, L) }2 CuGO-COOH-NH,,
WA AR & A EE AR AgGO Fl CuGO W [ NH,
A e A 8 BE R AN IR 9 Fas. AR 9(a)—(f)
ATLAIMEL S, NH; 43 F 541 AgGO 5 CuGO ]
PIfEE R E AT HE, R Ag o CuJiT
£ AgGO 5% CuGO 1 Xf NH, 4T F B H 55 1)
e
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. 25f(a) — GO-O-NHj . 251 (b) — GO-OH-NHj . 251(c) — GO-COOH-NHj
i — AgGO-O-NHj i — AgGO-OH-NHj i — AgGO-COOH-NH;
=z 20 Z 20+ Z 20+
g g g
S 15t S 15} § 15}
+ ey ey
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K8 GO AgGO HIDOS FIPDOS  (a) GO-O-NH, Fil AgGO-O-NH, f§ DOS; (b) GO-OH-NH, Fl AgGO-OH-NHj 4 DOS; (¢) GO-
COOH-NH; #l AgGO-COOH-NH, [y DOS; (d) AgGO-O-NH; 1 Ag ff) DOS Fil PDOS; (¢) AgGO-OH-NH; H#' Ag 4 DOS I PDOS;
(f) AgGO-COOH-NH, ' Ag 1§ DOS il PDOS; (g) AgGO-O-NH, 1 N (1§ DOS 1 PDOS; (h) AgGO-OH-NH, 1 N 1§ DOS /il PDOS;
(i) AgGO-COOH-NH, 1 N 1§ DOS I PDOS

Fig. 8. DOS and PDOS of GO and AgGO: (a) DOS of GO-O-NH; and AgGO-O-NHy; (b) DOS of GO-OH-NH; and AgGO-OH-
NHj; (¢) DOS of GO-COOH-NH, and AgGO-COOH-NHj; (d) DOS and PDOS of Ag in AgGO-O-NHy; (e) DOS and PDOS of Ag in
AgGO-OH-NHj; (f) DOS and PDOS of Ag in AgGO-COOH-NHj; (g) DOS and PDOS of N in AgGO-O-NHy; (h) DOS and PDOS
of N in AgGO-OH-NHy; (i) DOS and PDOS of N in AgGO-COOH-NH,.

el »-

B9 EAARSEIERN AgGO 1 CuGO WM NH; HA R (SFEEN0.2)  (a) AgGO-O-NHy; (b)AgGO-OH-NH3; (c) AgGO-
COOH-NHj; (d) CuGO-O-NHy; (¢) CuGO-OH-NH3; (f) CuGO-COOH-NH,.

Fig. 9. Total charge density of AgGO and GO with different oxygen-containing groups adsorbing NH; (The isosurface value is 0.2):
(a) AgGO-O-NHj; (b) AgGO-OH-NHj; (¢) AgGO-COOH-NH3; (d) CuGO-O-NHj; (¢) CuGO-OH-NH;; (f) CuGO-COOH-NH,.

4 BT AgGO il CuGO W Bt NH, (1) H O-NH; (0.171e), CuGO-O-NH; (0.192¢) ' NH,4
1oy 5 % R BEF BB Bl o, AT AgGO- SR B AR = T 0.021e; CuGO-OH-NH,
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(0.180¢) . AgGO-OH-NH; (0.160e) H' NH, 43 F
() HE ) 55 #2375 T 0.020e; CuGO-COOH-NH,
(0.192¢) #itk AgGO-COOH-NH; (0.170¢), NH; 43
TR RN T 0.022¢. ZEAIIHT KB, FHXT
T AgBIRASGE, CuBR ARG NH; 41 HLfaf
FERLBIIAIN T 24 0.020e, W] NH; 7E CuGO
W T B 2, TG R TN NH; (9 W R A
. FRRRAE A FRIERA AL GO i T Cu
Bk, I Ag #8507 R IR BECR, X
7 [ VR B A 0 S48 5 T 0.17 eV Al 0.14 eV T Xf
TAHORFER GO, BN T 0.05 eV. 7E AgGO
R TR B 48 P 6 NH, 1 W% B R HE 5000 Ry
—COOH> —OH > —O—; 1fifE CuGO H, W[}
fEHEF h—OH> —O—> —COOH; TifE GO ,

4 WAANEESEILA AgGO F1 CuGO WL NH,

HIRLRTFERS Q FIILHTRE B,

Table 4. Charge transfer Q and adsorption energy

E,qs of AgGO and GO with different oxygen-contain-
ing groups adsorbing NHj.

Q/e

HEF H—OH> —COOH > —O—. 3% i WX i
O UL TR NH 1 W B RE ) R PAL 42 R 1B 2 Y
GO W RER/INEAN . RGARHHE R AR,
W B BE Y K/ INSZ R G v ) SR AT R 4 )i i 2
A FH FR) )

MY B A4 R B L SR I R, nf
LUK B2 0 p BB Z4 R n BI4B 7% X T RE S 3
IKPE T 5 K A A B339 A 10 i, AgGO Fl
CuGO WREHF 4 R, Ag 8¢ Cu B24%5, ke
s sh. AR, & 10(a), (d) H, AgGO-O
1 CuGO-O A B R 0 eV, A RERH T CJR T
1O JEF BT, mAER 10(b), () H1, AgGO-
OH 1 AgGO-COOH [ 71 B 43 5] 1 0.391 eV Al
0.353 eV; 7E& 10(e), (f) H', CuGO-OH Fl CuGO-
COOH By B 431 R 0.520 eV 1 0.183 eV. 47 fi
WY T I S BG INm FYR E, s i e 7%, [ s 1
INARGEXT NH; 43 F BB RE. (8 11 s T AgGO
3 CuGO W fff NH; 1) R Gih Ag sk Cu 5y NH;
1) DOS &l 473 [a] v 4~ i B 2 B H 4 1Y

Species Eygs/eV N N 3 N
NH,  Ag/on " DOS 1¢ 5L A 5 I 17145 288, 1 LAEbT 8 7 A4~
ASGO-OTH 04T 008 HSB T 2 A7 A A 6. W1 11 (a)—(8) IR,
CuGO-O-NH, 0192 0.020 1.39 . "
AgGO-OH-NI; 0160  -0.033 1.26 Ag s Cu 31 DOS Hy 45 NI, iy DOS Z {7
CuGO-OH-NH, 0180  -0.001 143 TEACERER X, 3B Ag 5 Cu 5 NH; Z A AL
AgGO-COOH-NH; 0170  0.082 1.39 fespgile, HE—2DESE TR 9 ri e far 2 B E A X AT
CuGO-COOH-NH, 0192  0.034 134 TEAb2E % B 0 2.
(a) 5.0 % (®)
% —— >
~ E— ~
B 0 —————— B
) — 1T | 3
= i B ey <
" s éé\ =
—5.0
r M K r
(d) 5.0 /¥K (e) 5.0 /—A%i () 5.0 ———— ——
g R — - / — - OQ4>%\#
> e B e e
L 1 | < L |
= — : N e
= —— —
r M K r r M K r

&l 10  AgGO fl CuGO MIREH 454 (a) AgGO-0O; (b) AgGO-OH; (c) AgGO-COOH; (d) CuGO-0; (e) CuGO-OH; (f) CuGO-COOH
Fig. 10. Band structures of AgGO and CuGO: (a) AgGO-O; (b) AgGO-OH; (¢) AgGO-COOH; (d) CuGO-0O; (e) CuGO-OH;

(f) CuGO-COOH.

073101-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 7 (2025) 073101

12 12 12
NN (Y — Ag = 1) — Ag O — Ag
= 10} — NH3 > 10 + — NHj3 > 10 + — NH;3
o o v
z 8} z 8t 2 8
5 5 5
£ 6 £ 6 5 6
G.) Q [
3 4t < 4t ° o4t
@ @ @
2l 2l M g M
0 A\ O 1 1 0 1 I
—-20 —-15 —-10 -5 0 5 —-20 —-15 —-10 =5 0 5 —-20 —-15 —-10 =5 0 5
Energy/eV Energy/eV Energy/eV
7 7 7
L"\ 6 (d) — Cu L"\ 6 (e) — Cu L"\ 6 (f) — Cu
% — NH; % — NH; % — NH;
s Of s Of o Of
a =1 =}
§ af § af 5 4t
- + +
g 3t g 3t g 31
G G G
< 2f < 2r < 2r
n n n
O 1p Qo 1¢ O 1¢
[a) =} A
0 A 0 1 1 O 1 I b
—-20 —-15 —-10 -5 0 5 —-20 —-15 —-10 =5 0 5 —-20 —-15 —-10 =5 0 5
Energy/eV Energy/eV Energy/eV

E 11  AgCGO 5 CuGO iy DOS (a) AgGO-O-NH; 1 Ag Fil NH, i DOS; (b) AgGO-OH-NH, ' Ag il NH; 1) DOS; (¢) AgGO-
COOH-NH; H' Ag F1 NH; i) DOS; (d) CuGO-O-NH; H' Cu il NH; A% DOS; (e) CuGO-OH-NH, H' Cu #ll NH; (9 DOS; (f) CuGO-
COOH-NH, ' Cu I NH; #J DOS

Fig. 11. DOS of AgGO and CuGO: (a) DOS of Ag and NH; in AgGO-O-NHjs; (b) DOS of Ag and NH; in AgGO-OH-NHj; (¢) DOS
of Ag and NH; in AgGO-COOH-NH;; (d) DOS of Cu and NHy in CuGO-O-NHs; (e) DOS of Cu and NH; in CuGO-OH-NHg;
(f) DOS of Cu and NH; in CuGO-COOH-NHj;.
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First-principles study of NH; adsorption on
Ag- and Cu doped graphene oxide’
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Abstract

Graphene has attracted great attention due to its large specific surface area, high charge carrier mobility,
and excellent electrical conductivity. However, the inherent structural integrity and zero bandgap
characteristics of graphene limit its gas sensing properties. Consequently, researchers have embarked on
exploring avenues such as doping graphene or using graphene oxide as a gas-sensitive material to design gas
sensors that respond optimally to ammonia. This work, based on first-principle density functional theory,
focuses on the field of ammonia gas sensors, investigating in detail the adsorption characteristics of ammonia
molecules on graphene oxide (GO) and graphene oxide doped with Ag and Cu (AgGO, CuGO). By calculating
parameters including charge distribution, density of states, band structures, and adsorption energy, this work
delves into the influences of diverse oxygen-containing groups and metal doping on the gas sensing properties of
graphene oxide. The research results show that there is a substantial charge density overlap between the density
of states of hydroxyl groups in graphene oxide and NH3 molecules, indicating a clear tendency towards chemical
adsorption. It is particularly noteworthy that after NH; adsorption, the graphene oxide containing hydroxyl
shows the highest charge transfer (0.078¢) and adsorption energy (0.60 e€V), which indicates that the adsorption
efficacy of NH; is higher, followed by carboxyl groups and epoxy groups, which mainly participate in physical
adsorption. Furthermore, this work delves into the influence of metal doping on graphene oxide, demonstrating
that the adsorption capability of doped graphene oxide hinges upon the synergistic influence of oxygen-
containing groups and metal atoms, with Ag-doped graphene oxide showing a several-fold increase in adsorption
energy. Through the analysis of density of states, it is found that Ag atoms resonate with s, p, and d orbitals of
the N atom in NHj, proving the formation of a chemical bond between Ag atom and N atom. Moreover, a
comparative analysis shows that Cu-doped graphene oxide (CuGO) has an increased charge transfer of about
0.020e and slightly higher adsorption energy than Ag-doped graphene oxide (AgGO) when adsorbing NH;.
Intriguingly, under the same doping concentration, CuGO exhibits superior adsorption performance to NHj. It
is worth noting that in graphene oxide doped with Ag or Cu, the adsorption mechanism of carboxyl and epoxy
groups transforms from physical adsorption into chemical adsorption, while the hydroxyl groups maintain
consistent chemical adsorption properties before and after doping. This indicates that doping with Ag or Cu
atoms can significantly enhance the adsorption capability of graphene oxide to NH;.

Keywords: doping, graphene oxide, first principle, adsorption
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